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B. Interaction equations expressed in terms of the transverse fields: 

The beam-wave interaction equations (22) and (23) can also be expressed in terms of the 

transverse field components as follows: 
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Summary 

Since January of 1998 four progress reports have been submitted, and are 
enclosed in this final report: 

Progress Report I        Jan.  1998 - July. 1998; 
Progress Report II       July. 1998 - Dec. 1998; 
Progress Report III      Jan.  1999 - Jun. 1999. 
Progress Report IV      Aug. 1999 - Jan. 2000. 

The Final Report summarizes in its first part the most recent scientific 
achievements. They are documented in the listed and enclosed copies of 
publications and drafts of papers. In the second part the recent academic 
activities are reported, and the third part gives an outlook of planned 
activities based on the work supported by this grant. 



I. Publications 

1. The paper by Liu Shenggang, Robert J. Barker et al. "A New Hybrid 
Ion-Channel Maser Instability" has been accepted for publication in 
IEEE Trans. Plasma Science after minor revisions. 

2. The two-part paper by Liu Shenggang, Robert J. Barker et al. "Basic 
Theoretical Formulations on Plasma Microwave Electronics" needs to 
be revised. In particular some numerical calculations need to be 
checked. 

3. The following papers are ready for submission to scientific Journals: 
A. Liu Shenggang; Robert J.Barker et al. "A New Kind of Waves 

Propagating Along Magnetized Plasma Waveguide" 
B. Liu Shenggang; Robert J.Barker et al. "Electromagnetic Wave 

Pumped Ion-Channel Free Electron Laser". 

4. The following new papers have been drafted: 
A. Liu Shenggang; Robert J.Barker et al. "Dispersion Characteristics of 

PASOTRON slow wave structure with ion-channel taken into 
account"; 

B. Liu Shenggang; Robert J.Barker et al. "A New Kind of Electron 
Beam-Wave Interactions in Magnetized Plasma Waveguide", 

C. Liu Shenggang; Robert J.Barker et al. "Linearized Field Theory of 
Electron Beam-Wave Interactions in Magnetized Plasma 
Waveguide", 

D. Liu Shenggang; Robert J.Barker et al. "Theoretical and Experimental 
Study of PASOTRON", 

E. Liu Shenggang; Robert J.Barker et al. "Theory of Ion-Channel 
Formulations in Plasma by Electron Beam". 

5. Revisions are made and computer calculations are carried out for the 
following papers: 
A. Liu Shenggang; Robert J.Barker et al. "Basic Theoretical 

Formulations on Plasma Microwave Electronics", Part I and Part II; 
B. Liu Shenggang; Robert J.Barker and Dennis M. Manos "Theoretical 

Study of the Waveguide and Resonator for Plasma Microwave 
Excited Eximer Laser", 



II. Academic Activities 

1. The final review of the proposal on "Basic Research on Elecromagnetic 
Field Effects on Biological Cell/Cells and their Applications" by Liu 
Shenggang et al. in the program "Fundamental Research Project" was 
held on Dec.7th 1999. Prof. Liu was successful in obtaining a grant over 
4 Million Chinese Yuan against strong competition. He plans to use this 
money to establish the "International Research Lab" according to the 
agreement signed by him and the Dean of College of Engineering and 
technology at Old Dominion University, Dr. Swart. 

2. Prof. Kristiansen of Texas Technical University was invited to visit 
UESTC and to present several lectures. 

3. Mr. Bookbander, the officer in charge of literature and education at the 
United States General Consulate in Chengdu, was invited to visit 
UESTC and present a lecture. His lecture was very well received and 
was excellent for the students, both undergraduate and graduate students. 

4. Prof. Liu was attending the Sino-Hong Kong Seminar on "The Tendency 
of the Development of Electronic and Information Science and 
Technology in the 21. Century", Hong Kong University, Dec. 1-3, 1999. 
He was invited to present a talk on "Electromagnetic Wave Pumped Ion- 
Channel Free Electron Laser" This paper had been presented at the 24l 

International Conference on IRMMW in Monterey, CA, USA, 
September 1999. 



III. Preparatory Work on the 25th Intern. Conference on IRMMW 

to be held in Beijing, China, Sept. 12-16, 2000. This International 
Conference will be held jointly with the 2nd Pacific-Asian Conference 
on Microwave and Millimeter Waves. Prof. Liu is the Conference 
Chairman for these two conferences. He is in the process of: 
A. trying to obtain the sponsorship by IEEE. The 2nd Pacific-Asian 

Conference is sponsored by IEEE, but the 25th conference not. 
B. organizing the committees for both conferences; 
C. organizing   the   Plenary   Talks   and   Invited   Talks   for   both 

conferences; 
D. preparing the final call for papers for both conferences. 

IV. Proposed Research Work for the Period from January 2000 to 
December 2001 

1. Almost all the material published in Russian in the Plasma Microwave 
Electronics area has been collected. This material is very valuable, since it 
provides information on what has been done and how it has been done in 
Russia. From this literature it can be concluded that the work carried on by 
Prof. Liu and coworkers on the "Electron Beam-Wave Interactions in 
Magnetized Plasma Waveguide" is very important. All research done in 
Russia was based on the approximation of "the external magnetic field is 
infinitely high or equals to zero". Therefore the work of Prof. Liu and 
coworkers is really valuable and creative; but still much work needs to be 
done. 

2. A number of the manuscripts written in the previous grant period should 
be completed using computer calculations. In order to accelerate the 
calculation work and obtain the results as soon as possible, two young 
scientists who are familiar with this work, will be invited as Visiting 
Scholars to join the group of Prof. Liu, here in the United States. They will 
focus on computer calculations required to complete the manuscripts that 
have been drafted so far. 

The proposed work will broaden and deepen the knowledge in "Plasma 
Microwave Electronics", a special area of science and technology. 
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Progress Report IV 

Professor Liu Shenggang 
Fellow EEE 

Department of Applied Science 
The College of William and Mary 

Since Jan. 1998 I have presented three progress reports for the following 
periods of time: 

Progress Report I,   Jan.  1998—July. 1998; 
Progress Report II, July. 1998—Dec.  1998; 
Progress Report III, Jan.   1999—Jun.  1999. 

A final report should be presented in March 2000 as required. 
Therefore, this Progress Report will be the Summary of the final report for 
the time period from Jun. 1999 to Sept. 1999 only about two months. I am 
very pleased that a lot of significant achievements have been obtained. In 
this report I would like to include only the Academic achievements, mainly 
papers, and some recent important academic activities. Others will be given 
in the Final Report. 

I. Papers: 
A. The following papers have been submitted for publication: 
(1 )."EIectromagnetic Characteristics of a Spherical Biological Cell", 

By Liu Shenggang; Robert J. Barker; Karl H.Schoenbach; et al. 
(2)."Basic Theoretical Formulations on Plasma Microwave Electronics", 

Part A. 
By Liu Shenggang; Robert J. Barker, et al. 

(3)."Basic Theoretical Formulations on Plasma Microwave Electronics", 
PartB. 
By Liu Shenggang; Robert J. Barker et al. 

(4)."A New Hybrid Ion-Channel Maser Instability", 
By Liu Shenggang; Robert J. Barker et al. 

(5)."A New Kind of Waves Propagating Along Magnetized Plasma 
Waveguide", 



By Liu Shenggang; Robert J.Barker; et al. 
(5)."Electromagnetic Wave Pumped Ion-channel Free Electron Laser", 

By Liu Shenggang; Robert J.Barker; et al. 

B. The following papers have been presented at conferences: 
(1). "Electromagnetic Characteristics of A Spherical Biological Cell", 

By Liu Shenggang; Robert J. Barker; Karl H.Schoenbach. et.al. 
Accepted for presentation at 98 FEL International Conference, 
Jefferson National Lab, New Port News, USA, Sept. 1998, 

(2). "A New Hybrid Ion-Channel Maser Instability", 
By Liu Shenggang; Robert J. Barker, et al. presented at the 23rd 

International Conference on IRMMW, Essex 
University, UK, Sept. 1998, 

(3). "Basic Theoretical Formulations on Plasma Microwave Electronics", 
By Liu Shenggang; Robert J. Barker, et.al. 
Invited talk, Presented at PERSE, Hong Kong, Feb. 1998, 
Invited talk at 4th International Conference on FIRMMW, Beijing, 
Aug.1998. 

(4)."Electromagnetic Wave Pumped Ion-channel Free Electron Laser", 
By Liu Shenggang; Robert J. Barker, et al. 
Accepted to present at 4th Pacific Asian FEL Conference, Korea, 
Jun. 1999. 

(5)."Electromagnetic Wave Pumped Ion-Channel Free Electron Laser", 
to be presented at 24th International Conference on IRMMW, 
Monterey, USA, Sept. 1999, 

(6)."A New Kind of Waves Propagating Along Magnetized Plasma 
Waveguide", 
By Liu Shenggang; Robert J. Barker; et al. 

to be presented at 24th International Conference on 
IRMMW, Monterey, USA, Sept. 1999, 

(8). "Basic Theoretical Formulations on Plasma Microwave Electronics" 
Part A and Part B, part of these papers will be involved in the Plenary 
Talk, "An Examination of Plasma Microwave Electronics", at 24 
International Conference on IRMMW, By Dr. Robert J. Barker. 
Monterey, CA USA, Sept.5-10,1999. 

C. Drafts of Papers: 
The following drafts of papers have been worked out: 
(1 ^"Theoretical Study on Micro-Hollow Cathode Discharge", By Liu 



Shenggang; Karl H. Schoenbach; Robert J.Barker; et al. 
(2)." Theory of Wave Propagation of Plasma Filled Helix and Helical 

Waveguide", By Liu Shenggang; Robert J. Barker; et al. 
(3)." Nonlinear Theory of Plasma Filled Gyromonotron", By Liu 

Shenggang; Robert J. Barker; et al. 
(4)."Theory of Waveguide System for Microwave Plasma Excited 

Excimer Laser", 
(5)."Theory of Waveguide Cavity for Microwave Plasma Excited 

Excimer Laser", 
(6)."Theory of Electromagnetic Pumped Free Electron Laser in a 

Cylindrical Waveguide", By Liu Shenggang; Robert J. Barkert; et al. 
(7)."Theoretical Study on Ion-Channel RWO-FEL", By Liu Shenggang; 

Robert J. Barker; et al. 
(8)."General Theory of Ion-Channel Free Electron Laser", By Liu 

Shenggang; Robert J. Barker; et al. 

II. Recent Academic Activities: 
The following recent academic activities are very important: 
(1 ).Signed an Agreement with the Dean of Engineering College of ODU, 

Prof. S Swart, for establishment of the International Research 
Cooperative Laboratories between ODU and UESTC; 

(2). Attending the First International Symposium on "Nonthermal 
Medical/Biological Treatment Using Electromagnetic Fields and 
Ionized Gases", held in Norfolk, US, April, 1999; 

(3). Attending the 24th International Conference on IRMMW, to be held 
in Monterey, CA US, Sept.5-7, 1999, 

(4), Attending the 5th Workshop on ECH Transmimtion Lines, to be held 
in Monterey, CA, US, Sept. 1-3, 1999, 

(5). Joining the work of the K.J.Button Prize Committee (I am the 
member of the committee), 

(6). Joining the work of International FEL Prize Committee (I am the 
member of the committee), 

(7).The Preparatory Work on the 25th International Conference on 
IRMMW, to be held in Beijing, P.R.China, (I am honored to be the 
Conference Chairman), 

(8). The work on the Application of the National Key Project of the 
Fundamental Research, supported by the State Ministry of P.R.C. 
We have passed the first two debat and will take the Semi-Final debat 
This work if also of significant, and get the support from Dr. Robert 



J.Barker, Prof. Karl H. Schoenbach and Prof. Dennis Manos. It is a 
big grant, each item will get tens million Chinese Yuan. So, the 
competition is very strong, We are making efforts to apply one item 
on "Fundamental Research on the Mechanism and Applications of 
Electromagnetic Effects on Biological Cell/Cells". 

At the end of the report, I would like to take the opportunity to extend 
my sincere appreciation to Dr. Robert J. Barker, Prof. Karl H. Schoenbach 
and Prof. Dennis Manos for their kind and warm support, help and 
cooperation. My sincere thanks should also be given to all the people who 
give me kind help and support. 
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(Jan. 1999—June 1999 ) 

Professor Liu Shenggang 
Fellow IEEE 

Department of Applied Science 
The College of William and Mary 



Progress Report III 

(Jan. 1999—Jun. 1999 ) 

Professor Liu Shenggang 
Fellow IEEE 

Department of Applied Science 
The College of William and Mary 

The research work and the related activities carried on during this period of time 

(Jar. 1999—Jun.1999) are reported here. 

I.       Research and Academic Work 

A. Papers 

1. The following manuscripts of the papers have been finished and submitted to the 

24lh International Conference on IRMMW to be held in Monterey, CA, USA, Sept. 

1999. 

(I). Basic Theoretical Formulations of Microwave Plasma Electronics, PartA, and 

Part B. 

Liu, Shenggang, Robert J. Barker, etc. 

(2). Theory of Electromagnetic Wave Pumped Ion-Channel Free Electron Laser. 

Liu Shenggang, Robert J.Barker, Gao Hong etc. 

(3). A New Kind of Waves Propagating Along Magnetized Plasma Waveguide 

Liu Shenggang, Robert J. Barker, Yan Yang etc. 

The first one is for an invited talk, the speaker is Dr. Robert J. Barker; and the rest 

two are for contributed papers, the speaker is Liu Shenggang. 

2. The manuscripts of the following papers have been submitted for publication: 



(1). Basic Theoretical Formulations of Microwave Plasma Electronics, Part A, 

(2). Basic Theoretical Formulations of Microwave Plasma Electronics, Part B.; 

(3). Electromagnetic Wave Pumped Ion-Channel Free Electron Laser, 

(4). A New Kind of Waves Propagating Along magnetized Plasma waveguide, 

(5). Electromagnetic Characteristics of A spherical Biological Cell. 

Liu Shenggang; Robert J. Barker; Karl H. Schoenbach, etc. 

All the drafts of the above papers have been carefully revised. 

3. The following drafts of new papers have been worked out: 

(1). Theory of Rectangular Magnetized Plasma Filled Waveguide, 

Liu Shenggang; Robert J. Barker, etc 

(2). Theoretical Study of Waveguide System For Microwave Plasma Excited Excimer 

Laser 

Liu Shenggang; Robert J. Barker; Dennis Manos etc. 

(3). Theory of Electromagnetic Pumped FEL in A Cylindrical Magnetized Plasma 

Waveguide, Part A. 

Liu Shenggang; Robert J. Barker, etc 

4. A new cooperation project, " Microwave Plasma Excited Excimer Laser" with Prof. 

Dennis Manos in CWM started. It is a very important new area, and it may create a 

new area of Microwave Plasma Electronics. 

5. Attending the "First International Symposium on Nonthermal Medical/Biological 

Treatment Using Electromagnetic Fields and Ionized Gases"(ElectroMed'99), April 

11' -14' , 1999, Norfolk, VA.    I was honored to serve as the co-chairman, the 

member of Program Committee and the member of Panel.   I also chaired two 

sessions of the symposium. 

I will also serve for the Special Issue of IEEE Trans. PL, as one of the Editors. The 

Symposium was initiated by Dr. Robert J. Barker, Prof. Karl H. Schoenbach and myself. 

The Symposium was very very successful indeed. Most organizing and preparatory works 



were carried on by Prof. Karl H. Schoenbach and Dr. Robert J. Barker. 

6.   Meeting with Dr. Robert J. Barker, 

Taking the opportunity of attending the symposium, I have had a very nice and efficient 

meeting with Dr. Robert J. Barker in April 13th, afternoon. The following items were 

discussed: 

(1) Submitting papers for publication. 

We agreed that since we have obtained a lot of achievements of our cooperation, a 

number of papers have been finished, it is the time now to submit them for publication, 

(2) Th new drafts of papers 

<3) The revising work of these drafts of our new papers. 

(4)  The organizing work of the 25th International Conference on IRMMW to be held in 

Cina in the year 2000.   I am honored to be the conference chairman, and Dr, Robert J. 

Barker is the standing member of the International Committee of the conference and 

also will be invited to serve as a member of program committee. So, I expect and I am 

sure that I can get strong support and help from Dr. Robert J. Barker. I cordially invited 

Dr. Barker to attend the preparatory meeting to be held in Aug, 1999. Dr. Robert J. 

Barker accepted the invitation with pleasure. 

(5) .A new area of Microwave Plasma Electronics. 

I have transferred from ODU to CWM since last Dec. Prof. Dennis Manos invited 

me to join the project of Microwave Plasma Excited Excimer Laser.   I have found that 

it is a very important new area with very bright perspectives. And after discussion we 

agreed that the research work in this project may create a new area of Microwave 

Plasma Electronics. 

(6) Since we have obtained a lot of achievements, and we will get more. I would like 

to suggest that it is natural, on the basis of our work, to write a book (Monograph 

book). We will discuss this in more detail later 



II.        Organizing and Preparatory work on 25th International Conference on 

IRMMW 

The 25th International Conference on IRMMW, together with the 5th International 

Conference on FTRMMW will be held in China in the year 2000, and will be followed by 

the Asian-Pacific MMW Conference. I am honored to be the conference chairman of all 

these conferences. So it is a very hard job. A preparatory committee has been organized 

and we have had meeting twice. The third meeting will be held in May. A lot of 

preparatory work has been carried out. 

(1).      Successfully getting the universities in Hong Kong to be involved in. In March, I 

was invited to pay a visit to Hong Kong, I met the President and vice president of the City 

University of Hong Kong and the Head of the Department of ECE of Hong Kong 

University.   I am very pleased that all of them give me very strong support and are 

willing to be involved in the preparatory work of the conference. 

(2). I also get the strong support from the CEE (Chinese Institute of Electronics, I am 

the vice president of CEE). Most administrative preparatory work will be carried on by 

CIE. 

(3).      The change of the conference location. 

Because the Southeast University is going to hold another International 

Conference, the president of the university does not want to hold the 25th IRMMW 

conference.   After detailed discussion, a preliminary decision has been made that the 25th 

IRMMW, together with the 5th FTRMMW conference will be held in Beijing.   The final 

decision will be made at the committee meeting in May. 

(4).      Next we should start the organization of committees of the conferences. 



In all these works, I expect and I am sure that I will get very strong support and help 

from Dr. Robert J. Barker.   I will do my best to make the conference a real successful 

one. 

III. Seminar at Old Dominion University 

I have prepared three topics for the seminar that I am required to give at ODU: 

(1).Brief Introduction to UESTC, 

(2). Research Activities in the Research Institute of High Energy Electronics, 

UESTC. 

(3). Higher Education in China. 

It seems that the last one is most interesting for ODU. I presented the seminar at 

ODU, March 26lh afternoon.   Totally, there were more than 80 audience, graduate 

students and some faculty members. There were a number of audience asking questions 

after my talk. It seems that the seminar was very successful. 

IV. Work on the Second Application of the "Key National Project on Basioc 

Research of Science and Technology" 

Last year I organized a team to apply the project on " Basic Research on 

Electromagnetic Fields/Waves Effects on Biological Cell/Cells and Their Applications". 

Unfortunately, we did not succeed. This year we decided to try again with strong 

confidence. Dr. Robert J. Barker and Prof. Karl H. Schoenbach and Prof. Denis Manos 

give us very strong support. And I am very pleased to say that the "First Symposium on 

Nonthermal Medical/Biological Treatment Using Electromagnetic Field and Ionized 

Gases" may bring very strong influences on our application. Besides, I have reorganized 

our team, and make it stronger. However, the competition is also very very strong! 

It seems that I always have very heavy load. I will do my best. 

At the end of the report, I would like to extend my sincere appreciation to Dr. 

Robert J. Barker, Prof. Karl H. Schoenbach and Prof. Denis Manos for their kind and 



warm support, help and cooperation. My sincere thanks should also be given to all the 

people who give us kind help and support. I and my wife, Mrs. Jiang Chenqi, are really 

enjoyed very much indeed the work and staying here in USA. 



Progress Report II 

(July 1998—December 1998 ) 

Professor Liu Shenggang 
Fellow IEEE 

Department of Electric and Computer Engineering 
Old Dominion University (ODU) 



Progress Report II 

(July 1998—December 1998 ) 

Professor Liu Shenggang 
Fellow IEEE 

Department of Electric and computer Engineering 
Old Dominion University (ODU) 

A lot of significant achievement have been obtained during this period of time. 

The research work and related activities done during the time period of July 1998 through 

December 1998 are reported in the report. 

I. Academic work 

A. Papers 

1. The following papers have been revised: 

11). Basic theoretical formulations of microwave plasma electronics, Part A, 

(2).   Basic theoretical formulations of microwave plasma electronics, Part B, 

The original four-part paper has been revised into two-part paper. Now it becomes the 

final draft of a new two-part paper. 

(3).   A new hybrid ion-channel maser instability, 

The final draft of the paper. 

(4). Basic Theory of Micro-hollow Cathode Discharge, 

Stan the numerical calculations. 

2. Drafts of new papers: 

(4). A new kind of waves in a waveguide filled with magnetized plasma. The draft for 

final revising. 

(5).   Wave propagation along a plasma helix and a helical waveguide filled with 

plasma(first draft). 



(6).   Nonlinear theory of Gyromonotron filled with plasma(first draft). 

(7). Theory of Electromagnetic wave pumped Free Electron Laser(first draft). 

All the above works are carried on in cooperation with Dr. Robert J. Barker. 

B. Meeting and Discussion with Dr. Robert J. Barker. 

Taking the opportunity of Dr. R.J.Barker&rsquos visit to ODU, we have two time 

meeting and discussion on our scientific cooperation, to revise our papers, to exchange 

our new ideas on our field and to discuss the drafts of our new drafts. It is very 

productive. I enjoyed very much all these meetings and discussions. 

C. Preparatory work on thelst International Symposium on NONTHERMAL 

MEDICAL/BIOLOGICAL TREATMENTS USING ELECTROMAGNETIC FIELDS 

AND IONIZED GASES ( co-chairman), 

1. Join the preparatory work directed by Prof. Karl H. Schoenbach and Dr. Robert J. 

Barker. 

2. Organizing papers and attendees from China. 

3. Guest Editor for microwave effects 

D. Preparatory work on the "25th International Conference on IRMM 

Waves" to be held in China in the year 2000.1 am honored to be the conference 

chairman. 

1. Organizing the committees, 

2. Discussion with Chinese colleagues about the location of the conference, 

3. Discussion with the scientists in all over the world on the nomination of plenary talks 

and invited talks, 

4. Others. 

I will do my best to make this conference a successful and fruitful one. 

II. Organizing and heading the joint delegation of UESTC and TCL to visit USA. 

UESTC (University of Electronic Science and Technology of China) is one of the key 

universities in China and TCL Holdings Co., Ltd. is the third largest company in 

electronic industry in China. We have invited to visit three universities (Stanford, ODU 



and New York Polytech), one National lab(Jefferson Lab) and 11 companies(InteI, 

Cardence, Synopsis, Laucent etc). This visit was very successful, it greatly promote the 

metual understanding and friendship between China and US. As a results, I have signed 

an agreement with the president of ODU, Prof. Koch, and an agreement with the New 

York Polytech Univ. has also prepared and will be signed soon. 

HI. Lectures to be given at Old Dominion University 

Three lectures have been prepared for giving at ODU: 

1. The research Activities in the Research Institute of High Energy Electronics in 

UESTC. 

2. Introduction to the Higher Education Structure in China, 

3. Introduction to the UESTC. 

IV. Transfer from Old Dominion University to College of William & Merry 

I have very smoothly transferred from the Old Dominion University to the College of 

William & Mary. Both the ODU and CWM are warmly welcome me and very kind and 

fnend to me. 

V. The consultant work on the Millimeter Wave systems for Old Dominion 

University 

The lab of Prof. Karl H. Schoenbach of ODU wants to establish MM wave systems for 

research work, I have given consultant. 

VI. Work on the application of the Fundamental Research Project of China on 

&ldquo Basic Research on the Effects of Electromagnetic Field on Bilogical 

Ceil/Cells&rdquo. 

1. Organizing the application team, 5 institutions are involved: University of Electronic 

Science and Technology of China; Research Institute of Electronics of Chinese Academy 

of Sciences(CAS); Research Institute of Biophysics of CAS; Southwest China Medical 

University; Sichuan Agriculture University and Fudan University. 



2. Preparatory meeting. 

I have organized four meetings to discuss the draft of our report. 

3. Drafting the application report. 

A 80 pages report (in Chinese) has been worked out and has been put forward to the State 

Ministry of Science and Technology (SMST). 

According to the project, there are 40 items, and 15 of them have been determined last 

year. Unfortunately we failed. Now we are going to try again. I have visited the 

authority of State Ministry of Science and Technology, he promised to give us support. 

Since the grant is very big (60 Million Yuan per item), the competition is very strong. 

During the procedure of our application, I got very strong support and encourage from Dr. 

Robert J. Barker and Prof. Karl H. Schoenbach. It seems that their supports are very 

important and effective. 

Appendix: 

I. The abstracts of papers( here the abstracts of the final drafts are given): 

1. Basic theoretical formulations of microwave electronics. Part A, 

2. Basic theoretical formulations of microwave electronics. Part B, 

3. A new hybrid ion-channel maser instability, 

4. A new kind of waves in magnetized plasma waveguide. 

II. Cooperative Agreement between University of Electronic Science and 

Technology of China and Old Dominion University 

III. The consultant material of MM Wave systems for Old Dominion University 

Appendix 1.1 

Basic theoretical formulations of plasma microwave electronics 

Part A. General theoretical formulations of electron beam-wave 



Interactions in magnetized plasma waveguide 

Liu Shenggang, Fellow IEEE; R.J.Barker , Fellow IEEE,et. al. 

Abstract. Basic theoretical formulations for electron beam-wave interactions in a plasma- 

filled waveguide immersed in a finite magnetic field are presented in this two-part paper. 

The general interaction and dispersion equations of the longitudinal and transverse 

interactions in both ammoth and corrugated magnetized plasma-filled waveguides are 

formulated. The resultant equation are then applied to examine the specifics of plasma 

Cherenkov radiation, plasma-filled travelling-wave-tube/backward-wave-oscillator 

(TWT/BWO), the plasma-filled electron cyclotron resonance maser (ECRM) and many 

types of beam-wave interactions including those involving ion-channels. Some possible 

new interactions in magnetized plasma filled waveguide that do not appear in previously 

published papers are proposed. A detailed discussion and analysis of the physics of the 

important role of plasma background are given. It is pointed out that in a magnetized 

plasma-filled waveguide, there are many interesting features of beam-wave interactions, 

two of them being most essential, one is that the transverse interactions are always 

accompanied by the longitudinal interactions. The other is that the magnetized plasma 

itself is strongly involved in the interaction mechanisms via an additional component of 

field. The paper consists of two parts. Part A presents general theoretical formulations of 

electron beam-wave interactions in magnetized plasma waveguide using only a fluid 

model for both the plasma and beam. Part B extends the analysis of the interaction by 

retaining a fluid treatment for the plasma-fill but substituting a kinetic theory treatment 

for the electron beam. It continues further to include a detailed treatment of the physical 

effects of the ion-channel that is formed in the plasma by an intense electron beam. In 

both parts of the paper, sample numerical calculations are presented in order to illustrate 

the physics. 

Appendix 1.2 



Basic Theoretical Formulations of Microwave Plasma Electronics 

Part B. Kinetic Theory of Electron Beam-Wave Interactions in a 

Magnetized Plasma Waveguide 

Liu Shenggang, Fellow EEE; R.J.Barker , Fellow EEE.et. al. 

Abstract. Based on the theory given in Part A of this paper, the kinetic theory of 

Electron Beam-Wave interactions in a magnetized plasma-filled waveguide is presented 

in this part. The dispersion equations of longitudinal and transverse interactions, both in 

smooth and corrugated waveguides, are derived by using kinetic theory, including the 

kinetic theory of plasma filled electron cyclotron resonance master (ECRM), a Cherenkov 

device and a TWT, BWO etc., a combination of Cherenkov-Cyclotron resonance are 

discussed. It is interesting to note that in a magnetized plasma waveguide, the 

transverse   interaction (ECRM, for example) is always coupled with a longitudinal 

interaction. 

Appendix 1.3 

A New Hybrid Ion-Channel Maser Instability 

Liu Shenggang, Fellow EEE; R.J.Barker , Fellow IEEE,et. al. 

Abstract A new hybrid maser instability has been found for the case of electron beam- 

wave interaction in a plasma-filled waveguide with ion-channel taken into account for 

Bo=0. A complete linear formulation and numerical calculations are presented. Some 

important and    interesting features of this new hybrid instability are indicated. 

Appendix 1.4 



A New Kind of Waves in Magnetized Plasma Waveguide 

Liu Shenggang, Fellow IEEE; R.J.Barker , Fellow IEEE,et. al. 

I.   Abstract. A new kind of waves that can propagate along magnetized plasma 

waveguide has been found in the paper. This new kind of waves did not appear in 

published papers. It is indicated in the paper that this new kind of waves has very 

special characteristics: it contains a quasi-static field components and it exists in a 

sets of discrete frequencies. Both analytical theory and numerical calculations 

approve the existence of this kind of waves. The importance of this new kind of 

waves in both physics and mathematics is indicated in the paper. 
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Progress Report 

(Jan. 1998—July 1998 ) 

Professor Liu Shenggang 

Department of Electric and computer Engineering 
Old Dominion University (ODU) 

I have arrived at ODU on Jan. 21st 1998. I met Prof. K.H.Schoenbach immediately and 
dimussed with him my research work at ODU. The three directions along which my 
research work has proceeded are: 

I. Plasma Microwave Electronics 
II. Microhollow Cathode Discharge 
III. Electromagnetic Field Effect on Biological Cell/cells 
IV. References 

In the period uhich is covered by this report wide range of topics has been addressed. 
Some of the many achievements are \ery important. The work done during that period 
of time can be described as follows. 

I. Plasma Microwave Electronics 

The following achievements have been obtained: 

a.   A four-part paper "Basic Theoretical Formulations of Plasma Microwave 
Electronics" has been finished: 

Part I "General Theoretical Formulations of Electron Beam-Wave Interactions in 
Magnetized Plasma Waveguide" 

Part II. "Kinetic Theory of Electron Beam-Wave Interactions in Magnetized 
Plasma Waveguide" 

Part EQ. 'Theoretical Study on Electron Beam-Wave Interactions in Magnetized 
Plasma Waveguide with Ion-Channel Taken into Account" 

Part IV. "Numerical Calculations" 
It is a very important paper. In fact it consists of four papers. This is an 
invited keynote paper at the GA of APFA'98 and APPTC'98 (The First 
General Assembly of Assian Plasma and Fusion Association joint with the 
Third Asian Pacific Plasma Theory Conference), Sept. 21-25, 1998, 



Beijing. This paper was also invited to be presented at other two Int. 
Conferences, but I was not able to attend. 

b.  A paper " A New Hybrid Ion-Channel Maser Instability" has been finished. This 
paper was presented at the 23rd International conference on Infrared and Millimeter 
Waves held in UK. Essex University, Sept. 7-12, 1998. 
In this paper a new interaction mechanism has been proposed and studied. 

Anv one o\ those papers has been considered an important contribution to the field ot 
research by the audience. 

C.   Preparatory work on the 25lh International Conference to be held in the year 2000, 
w here I am honored to be the conference chairman. A report has been made by me 
at the International Committee of the 23rd Int. Conf. held in the UK. 

II. Microhollow Cathode Discharge 

a.' Collected and read a large number of materials on the "Microhollow Cathode 
Discharge" and its applications. It provides a good background for further study. 

b. The draft of a paper 'Theoretical Study on Micro-Hollow Cathode Discharge" has 
been prepared. The analytical theory has been finished. 

III. Electromagnetic Field Effects on Biological Cell/Cells 

a. Collected and read a large number of materials; it provides a good background for 
further study 

b. A paper on " Electromagnetic Properties of Spherical Biological Cell" 
has been drafted and was accepted by the 20h FEL International Conference held at 
Thomson Jefferson National Lab, Williamsburg, Sept. 17-22,1998. 

c. Joint the preparatory work for the "First International Symposium on Nonthermal 
Medical/Biological Treatments Using Electromagnetic Fields and Ionized Gases", 
including attending the preparatory meeting and drafting some materials, organized 
by Prof. Schoenbach, and Dr. Barker.   I will be the Co-Chair of the Symposium. 

During this period of time, Dr. Robert J. Barker, Prof. Karl H. Schoenbach, take very 
good care of me. I got very strong support from the University, the president, the 
department heads, and the Dean of the College of Engineering.   The International Office 
has done a lot for me. I would like to take the opportunity to extend my sincere 
appreciation to all of them. I really enjoy my stay here together with my wife, Mrs. 
Chenqi Jiang. 



I am sure that, based on the already obtained achievements, my research work in the 
remaining time will be very successful and fruitful.   And my visit and stay here will 
certainly and greatly promote the scientific exchange and the friendship between China 
and US, in particular, between ODU and my university UESTC. 

IV.      References 

1. Basic Theoretical Formulations of Microwave Plasma Electronics 
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Barker"* Fellow, IEEE, Zhu Dajun", and Yan Yang" 

Part II: Kinetic Theory of Electron Beam-Wave Interaction in Magnetized 
Waveguide; Liu Shenggang, Senior Menber, EEEE, R.J. Barker, Fellow, 
EEEE, Zhu Dajun, and Yan Yang 

Part III.   Theoretical Study on Electron Beam-Wave Interaction in Magnetized 
Waveguide with the Ion-Channel Taken into Account; Liu Shenggang, 
R. J. Barker, Yan Yang , Zhu Dajun and Deng Jimdong 

Part IV.   Numerical Calculations; Liu Shenggang, R.J. Barker, Yan Yang, Zhu 
Dajun and Gao Hong . 

Presented at the GA of APFA'98 & APPTC'98, as an invited keynote talk. Sept. 21- 
25, 1998. Beijing, China. 
The paper was invited to be presented at other Int. Conf. but I and othe authers were 
not able to attend. 

2. A New Hybrid Ion-Channel Maser Instabilty; Liu Shenggang, R.J. Barker, Gao 
Hong, Zhu Dajun and Yan Yang. Presented at the 23rd International conference on 
IRMMW, Sept. 7-12, 1998, UK, Essex Univ. 

3. Electromagnetic Properties of A Spherical biological Cell; Liu Shenggang, 
R.J.Barker, and Yu Guofen. Accepted for presentation at 20th FEL International 

Conference. Aug. 17-22, 1998, Thomas Jefferson National Lab, Williamsburg, USA. (I 
was not able to attend) 
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Basic Theoretical Formulations of 
Plasma Microwave Electronics* Su.t>~nxJf" 

Part I: A Fluid Model Analysis of        lHl  r""" *" ^•"~> 
Electron Beam-Wave Interactions       Sc'~«* 

Liu Slienggang". Fell»«-. IEEE. Robert J. Barker"-, Fcllou- IEEE 
Zhu Dajun", Van Vang", and Gao Hong- 

Key Words: plasma microwave declronicS] Bw0> ^^ „^.^ ^ mo<je] 

.«sMc,. Basic t„eore(ical formu.ations fnr Cectron beam-wave infractions in a p.asma- 

nifed waveguide immersed in a finite magnetic fie.d are presented in this „vo-pan paper.  The 

genera, interaction and dispersion equations of the ,„ngitudinal and ,ransvme .^^ ^ 

both smooth and corrugated magnetized p,asma-fi„ed waveguides are formuiated.   These are 

-hen  appiied  ,n  „amine  piasma  Cnerenkov  radiation,  ,„e  p.asma-fiiied   ,rave„i„g-wave- 

tuhebackward-wave-osciUator (TWT/BWO),  the piasma-fiiied eiectron  cvcio.ron  resonance 

maser tECRM, and other beam-,ave interactions inCuding those invoiving io„-c„a„„e,s. Some 

possib.c „,„ interactions in a magnetized piasma-fified waveguide (MPW, are proposed.   A 

detaiied discussion and anaivsis of the imponan( pbvsica, r0,£ „ ^ ^ ^^ ^ 

given.   Man, interesting features of beam-wave interactions in an MPW (magnetized piasma- 

fillcd waveguide, are pointed on,, Wof them being most essen.ia,.   One is tba, transverse 

interactions  are always accompanied  by  ,„„gi,„dinal ill(cracIions.    T„e ^fc  ^  ^     . 

■nagnetized piasma itse.f is strong,,- l8voIw) ,„ ,„e .„„„^ ^^ ^ ^ ^.^ 

component of the fie.d.   This paper consists of two parts.   Par, , presents genera, theoretica, 

''   !,!t   '-•-   "   fU   »»   I''"- <•<-'->  ""-«-^JJ    r,Ä   ^f,sL   ,rj„r,    U...,., 

' c':;^^^;::; ^ ^ - rMw- ^ G—>■• "* - - •■ - ^.... 



f™..*.. of e,ec,r„D beam.wav£ interac(ions in an Mpw using i nujd ^ ^ ^ ^ 

* «-u a nuid „, for lhe „,„, bu( sul)smutjng a kjne(ic i|cor! ^"^ 
the electron beam. In both mrtc nr tk« P.ru of ,he paper, Sample nuraerica| „.„„„^ ^ ^^ ^ 

order to illustrate the physics.     ?'*«■    li«*^     nns ..Pel     i    Uf JUJI .^.j   , -  -/ -f 

^ M- - ^u ^ ^ ^ Jt_ ^.. 7/,,0fce( tu/;a ^/^ 

I. Introduction        ^     A,, <> .'</,-   /'£^;< 

The goa, of M.crowave Electrons i. ,„ create improved microwave „„.„, ^ ^ 

h,Sher output p„wer with higher efftciency. There have been ^£at ^„^ ,„ ^ _ ^ __ 

,=ars.  G,gawa„ ou,Pu, power ,eve,s have been reached in pU,sed rdativistic m.crowave devices [I] 

i:] and megawa„s in continuous (CW) operatton (e.,  . Uslng . gyrolrm) ,3,  [4]     ^ 

enhancement of output Power and efftc.ency no. faces some fundatnenta, ,lra„,   One of the most 

important limits is the space charce effect H„. ,„ 
P      charge effect due ,0 mutual repulsion of the electrons tha, limns ,he 

max,mum current density due to the beam "blow-up" instability (5). 

on the outer surface of the beam. Th.s effect may thus a,so cause the defoeustn, of the beam, deuradmv 

•h= beam ouality. Por panieu.arly mtense beams andmr ,ong beam paths this can even cause the bean, 

.0 -he the surface of the vacuum envelope, decreasmg the beam transmtss.on.   These and other" 

effects of space charge senously perturb beam-wave mteractons and degrade the performance and 

behaviour of microwave devices. 

The most promis,ng approach for mcreasmg the net beam current densny ,s by ,„,rodUc,„.. a 

bac^ound plasma fflL   By tb, means, the beam space charge can be Mly or parttally neutral.ed. 
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The maximum current limit of the beam is then determined by the Pierce instability [5]. Plasma space 

charge neutralization may thus provide more than a five-fold increase of the beam current. 

It has already been shown that a plasma fill can dramatically enhance the output power and 

efficiency of some microwave devices, such as the relativistic BWO and plasma Cherenkov radiation 

devices [6H10]. Plasma filling has even been attempted in Free Electron Lasers (FELs) [11H13]. 

Even more intriguing, plasma filling has permitted the development of some entirely new piasma- 

based microwave devices (e.g., the PASOTRON [14] and the Plasma Wave Tube [15]) that ehnunate 

the need for an axial magnetic field. 

These studies also show that a plasma fill has some fundamental effects on beam-wave 

interactions.    When an electron beam is injected into a plasma, an .on-channel is formed which 

-proves beam transmission. This is the so-called "channelling effect" of plasma that improves beam 

quality.  The plasma may also provide a focusing force on electrons to reduce transverse diffusion in 

the beam, further improving beam quality [14]. The resultant ion-channel gives nse to its own beam- 

wave interactions [16]-[18]. Those as well as a new combined instability mechan.sm are presented and 

analysed in Section VI of this paper. Computer calculations are also presented for both longitudinal 

and transverse interactions. These calculations show many interesting characteristics of beam-wave 

interactions for the case of a plasma fill. 

The study of beam-wave interactions in the presence of a plasma fill has formed a new field of 

science and technology, namely Plasma Microwave Electronics (PME). Almost two decades ago in- 

1981. L. S. Bogdankevich and his colleagues published a paper entitled "Plasma Microwave 

Electron.cs" [8]. Later, in 1992, M. V. Kuzelev et al and Y. Carmel et al. both presented papers on 

"Relativist.c Plasma Microwave Electronics" [9]. These papers g.ve good reviews of the main work 

and achievements obtained at that time. Although a large number of additional papers have been 

published more recently, there still remains much work to be done.  The fundamental influences of a 
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modes ar 

9" 

plasma fill on beam-wave interactions are no, yet completdy understood.  For example, a magnetic 

plasma fifi coup.es the TE and TM modes in wavegutdes and resonators  But this imponan, ha 

ignored in almost a„ pubhshed papers to-date. Beam-wave-interacfions-arhti,, treated by-usmg T 

modes or TM modes-separately. 

^ „The presenCe-oftfiFplasma; in ocular when therl isfLgnetTcleld^es"™ — 

changes to the wave and wave fields in the waveguide or resonator .TtaTE and TM 

^eo^canun^^^ 

[20J. The magnetized plasma fill enables vanet.es of propagatmg waves which could no, exist ,„ ,„.. 

^^ioriven^njh^^^ 

later ,„ thts paper (Section I,) tha, magnetized.plasma-even producesr-som.addmona, components 0i 

the wzve-fie.d,~comPle,e,y.hanSmg-„K field-patt^Thes^acors-sigmficamly influence beam-wave 

»teraarc^ Ae p,asma itse.f is i„t,ma,ely involved ,„ the ,„,erac„o„s, making them much more 

complicated and rich. 

The clear importance ofspace-charge effects !eads one to also consider introducing plasma ,„,„ 

gyrotrons to increase their output power. To the best of the authors' knowledge, there are o„,y a few 

papers published on plasma-fi.led gyrotrons. Reference [22] tned to explain the output power 

enhancement of a plasma-fified rela.iv.stic bachward wave oscillator (B WO) through a combination of 

Cherenkov radiation and ,he electron cydotron resonance instability. „ wfll be shown later in this 

paper tha, actual electron beam-wave mteractions in an MPW, when the ECRM ,s taken ,n,o account, 

are much more complicated. 

The detailed analyses presented in this two-part paper vastly expands upon^^r^ 

upon the authors' previous work in this field_[20] which only examined wave propagation m an MPW 

i^ejbsencejpf an electron-beam^Th.s paper goes on to demonstrate four major physics issues 

inherent m PME devices.    First, a magnetized plasma fill strongly changes the behavior of wave 
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propagation in a waveguide. Specifically, the TE and TM modes can -no-longer exist independently; 

tfH^are replaced by the EH and HE hybrid modes.--Also^Hr^-are- two eigenvalues and two 

corresponding eigenfunctions instead of only the one that exists for the vacuum case or for the cases 

where the applied axial magnetic field, B0, goes to zero or infinity .Therefore we have: c 

Ez=AlJm(plR) + A,JI11(p:R) (]) 

H, =A1h1.Fiii(plR) + A;h..Till(P:R) (2) 

where the wave factor exp{j(cot - k2z - mcp)} is neglected, and the two eigenvalues, p   and p. P;, are 

eiven bv: 

P..: = 
2E. 

-k;(£1+E:)-fk2(e,E3+E?-e;) 
-i£. 

h,, = 

)[-kz(E3 -e.) + k2(e1e3 -e
2 + £;)J +4k2k]eJE3 j

: 

(-k; ^k:e,)e3 -s,p2
2 

J"M0k2E2 

the waveguide is completely filled with plasma, we have: 

(3) 

(4) 

A. =< •l (/»:*,) 
/.(**,) 

x A 

i = l 

i = 2 (5)/ 

Therefore, the field pattern, the cut-off frequency (thus the wave number) and the dispersion  ,>> 

relations are all changedjltls clear that formulations based on the TE mode or TM mode aione (e.g. - ,' 

,::3j) are insufficient for rigorously dealing with the full contribution of a magnetized plasma fill.        / 

The second major PME physics issue is that the magnetized plasma background strongly 

changes not only the behavior of wave propagation but also the character of the beam-wave 

interactions. Since the TErandTM-modes are-always coupled,-E2 and E± always exist simultaneously. 

If the electron beam has both longitudinal and transverse components of motion, it is inherent that the 

c   - 
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longitudinal (J.-EJ and the transverse (j -1 I im,™,;,,     •    . 
 _!!___-   'nleracl,0"s '" lh« waveguide are always present 

together. (This implies that Cherenkov tvoe and TWTVnwn,      • ~" —. 
J^J, type and TWT/BWO type interactions are always accompanied^ 

by ECRM and/or gyro-pemo^njv^ mi^r..,,^;, ' 

The thtrd major PME physics issue ,s tha, the magnetized background piasma „self ,s deeply 

,vo,ed in the heam-wave interactions.    Moreover smce there are vaneties of waves tha, can 

beam. This coupling (e,.. parametnc coup]jng) m,y ^ ^ ^^  ^ ^ ^^ ^ 

^^nm^^}^ ,hcre agam bas, OT|y on ,^^—-jng-mte ,; 

.^■deration the fact that the TM and TE modes are always coupled together. 

Fmally, the fourlh maJor pME ^ ^ ^ ^ ^^ ^ ^ ^^ 

systems. The dispersion charactenst.es of wave propagation in , circu,ar ^^ Mpw ^ ^ ^ 

propagate through the waveguide: plasma waves „he Trive.piece-Gould or T-G modes, m the 

-uency range USBp); cyc,olron waves (fa ,„, ^  ^^^^ ^ ^^ 

waves «o > Qn) A,, lncse waves ^ t]ta ■ 
5     ic vaves, all ot them can interact with the electron 

beam ^ 

:   .. ' I' - v«, interesting ,„ n0,e tha, in an MPW some of the cyclotron waves i„ the fre^c? 

/range: (»,<„< „, or „, < „ < fflp ,.are natura| bacU.aRj ^ ^^ ^^ ^ ^ 

jean directly mieract with the electron beara since their ph.se velocity may be less than the speed of 

Ugh,    in pamcular, we car, even use these backward waves to constnuc, a BWO (bschward wave     j 

.^interactions both more complicated and richer. 



Following this introduction, the field equations for an MPW are given in Section II. Section III 

deals with the general interaction equations for both longitudinal and transverse beam-wave 

interactions in such a waveguide. The interactions in a periodic system (corrugated MPW) are 

discussed in section IV. Dispersion equations for both the smooth and corrugated plasma wavcmiidcs 

are given in Section V. Section VI deals with beam-wave interactions with the ion-channel taken 

account, with sample numerical calculation given in Section VII. Some new interactions that may 

occur in these systems are given in Section VIII.  Detailed discussion andiSakSTarTsdven in Section 

IX. .Section_X'concludgs_with_a summary of the major points?) Some detailed derivations are nivcn in 

several appendices at the end of this paper. 

II. Field Equations in an MPW 

■ -- Tn~this section.^quations for the electromagnetic field components in a magnetized plasma, in 
c 

both uniform and corrugated waveguides will be given; , It isirrlfcjawwn [1], [3]-[5] IhätlnXpISsn-ra-^ 

filled waveguide immersed in a finite axial magnetic field the TM and TE modes are always coupled to / 

form the HE and EH hybrid modes. Thus the field expressions are complicated. JTo simplify the later 

mathematical manipulations and, in particular, to obviate the influence of the plasma background on 

the beam-wave interactions, the field components can be split into four parts. The field components 

produced by the H, field are defined as the "TE-like" pan, while the components produced by E, are 

defined as the "TM-like" part. The two additional field parts are associated with the response of the 

plasma background and are thus defined as the "plasma-produced TE-like" part and the "plasma 

produced" TM-like part. 

According   to   the   fluid   model,   magnetized   plasma   can   be   described   by   the   following 

permittivity tensor: 
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£ = 

£\      j£2     0 

-J'£2     £x      0 
0        0^, 

(6) 

where: 

C2 

- T" 

^  
CO 

e, =- 

CO 

1-T:      ' 
E, =    - E - 

(7) 

*% = 
M.e" 

VWQ^O/ 

co„ = 
eß„ 
m„ (9) 

op is .he electron plasma frequency of the background plasma, and coc i» the electron cyclotron 

frequency. Collision effects are neglected. 

The field components can then be expressed as follows (See Appendix A for details): 

H.=YAhJ 0=1,2) (10) 
J—i      '    i     mi 

R2p ' *2  T " R\p 
(11) 

The subscripts "1" and "2" denote the "TE-like" and "TM-like" pan, respectively, and »;„" and "_y< 

dene,: the -plasma-produced TE-Iikc" and 'plasma-produced TM-like" pan, respectively,    from-' 

1  f^,>   ^ 
Appendix A, iue-get: 

-   fl   - 



r- V1 A , />/ 

J 

£*.=y~j^oh^2p,jmi 

A 

T D   ■      R   "" 

.2  "» 

*3; 7   —K.KD.J 
D 

A.u 

ß*ip   z. 
m 

-A.A*;-^, 
ä 

M e vf L 4  , 

'/'/' 
p-.ol.; x 

O       O      iJ 

*«,-I^f(-«*,)<*;^.-*;^. 

B 
A.u 

-: = Z17r(-./^o^;/,X D 

B°» = L — JMo£:{k;P,J„,-k; -Jmi 

(i: 

(13) 

(14) 

(15) 

wher«   J„,-Jm{p,R)'   Jm,=Jm{p,R)   and   the   wave   factor,   exp{jcor -jk:z - jm<p)    has  been 

\    neglected. Other parameters are defined in Appendix A, (A-7).  
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For the corrugated waveguide, the fields are expanded into spatial harmonics to obtain: 

E  =YE   e-'i""'"2-""} 
i 

H. = y H. e
;{"_*-:-",*,j (16) 

and similarly for the ER, E., BR and B. components; wh ere:. 

k     -k   +2nS 

(s = 0,  ±1,  ±2,...) (!' 

We can then get all the field components (ER1,, EB,„ ERI,„ ERJ,„ £.,.„ E,,. £.,„,, E...s, B1(, , B.., 

B
RIP, BR-P, B.,,, B.,.S, 

B-.P.,. andj^ff»^^ 

K;, p,„ and Jm,s, ]mi), respectively, where Jm, s = Jm(p.jR) and Jmis = Jn,(pisR) and: 

i = l 

i = 2 (18) 

p?-Bir["k»(E'+e»)+k2(E.E,+E?-E:)]+Hr,--!- • 

(~kL + ^:E,)E3 -e,p-, 

(19) 
+ 4k-kj.,E;e3 

h,.,= 
jUM0kx-le: 

(20) 

Note that all the plasma-produced field parts are proportionaMokJ = k^^erefore, when the 

plasma is absent, or the magnetic field B0-0 or B0-cc, we have'e^O and^se fiel departs vanish.  For 

The vacuum case ( E,=0, e,=s3=l ) we have independent'TE and T^Th^deräh^-Ü^TE-TikT^TM- 

\Jikc fields automatically become the fields of the IE and TM modes, respectively. 

-i 
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III. General Equations Governing Electron Beam-wave Interactions in 

Walled MPW 

Maxwell's equations can be written as: 

a Smooth- 

^ * H = juEuD + J 

V-D = p 

D = £0c-E 

VB = 0 

From r:„, we can obtain the fol,owi„g two sets of equations, one set ,n tcnns of the longuudma, Held 

components; the other in terms of the transverse field components. 

A. Interaction equations expressed in terms of the longitudinal fields: 

From (21). we get the following beam-wave interaction equations: 

V;E,+aE,=bH2+jcon0J2-ilSi-p 

VlH2+cH2=dE,-(VxJ)2 

ec£, 

COE, 

v. hers 

a = (-k;+k:E,)e3/ei 

b = Jk,uH0e, /ei 

c = -kJ+k2(cf-e = )/El 

d = -jkicoe0e,e3 /E,        j 

The transverse field components may be expressed in terms of E2 and H2 as follows: 

Ex=-[-Jk2K
!VaE2+o)Mok;ViH7-k;k;VIE2xe2 

-JcoMoK
2V1H2xei+ja)MüK

:J1+coMük;JlXe2] 

(22) 

(24) 

(25) 
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Ux=- 
D -coEoe2k2V1El-jklK

JV1H2-JUEo(k^-K2e,)V1EJ 

-k.k;v±HIxeI+kIk;J1-jk1K
JJJlxeI] 

x e. 

(26) 

where: 

(27) K^k:E,-k;;     k; = k2E:;    D = K'-k;:     k'=oreüMo 

Eq. (22) can be used to study longitudinal interactions (e.g., plasma Cherenkcv radiation 

devices), while (23) can be used to study transverse interaction (e.g., an ECRM with plasma fill). 

When the plasma fill is absent, cop=0 and we have s2=0, E,=E3=1.  Equations (22) and (23) then 

reduce to: 

V:E2+(k-k:)Ez=Jcou0J2-i^p 

So 

V:H2+(k3-k2
2)H2=-(VxJ)2 

Equations (25) and (26)~forthis case become: ~~~~    —~ 

^ = k2_k:[-k
Z
VxEz-^.oViH2 x e2 + cou0J^ 

^■F^rh^». 
wnere: 

^_ K' = k: -k;;     k] =0;   D = K«;     kWenu„ 

All the equations thus reduce to the well known vacuum case. 

However, in the vacuum case, the TE and TM modes can be independent, so we get: 

H, = p—prfwEoV^ x 5» " Mi * *,] 

for the TM modes, and 

(28) 

(29) 

(30) 

(31) 

(32) / 
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<y 

Ei = k^kFrVlH!X"e! + Jl 

-   _   -jk« 
1     k:-k 

V,HZ+JX xe2 

for the TE modes: 

For the case of a plasma fill, when B0—»x, (22) becomes: 

V:_E2 -(k
: -k;)(l-cü- /w:)E2 =JCOUUJJ-^p 

(33) 

(34) 

>hile when B(l-+0. we have: 

V-E, k-'fl-w; /coM-k; Ez = J"HCJ2 -■ 
Jk; 

C^I-OJ"  , CO" 
(33 

B. Interaction equations expressed in terms of the transverse fields: 

The beam-wave interaction equations (22) and (23) can also be expressed in terms of the 

transverse field components as follows: 

ci - VE, + ■ 

lk.COU0S,    - , (fj-.f, )_        £> 7 CÜU..C,  .        - 

^C^l 

and: 

v'Hi+(k2EJ-k;)H1 =-jk;üJEce:E1+kJü)E0(£3-el)e2xE_-(VxJ)^ 

Then E2 and H2 can be written as: 

E. =-■ 
(OE0E, 

(VxH1)-e2-J; 

(36) 

(37) 

(38) 

Hi=_i_(VxE\)-ez 

"Ho 
(39) 
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When cop=0, (36) and (37) reduce to: 

V'E^k'-k^E^jcouJ.+^P (40%. 

and: 

V'A+fk'-kj^-^xj^ (4: 

Equation (40) has been used for the kinetic theory of the ECRM with space charge taken into 

consideration [25]. Equations (38) and (39) remain unchanged. 

For the case of a plasma fill, when B0->oo, e, = l , e2=0, e; = 1 - to; / co:, (36) and (37) become: 

vlEi+[k:-k;(l-co;/co-) E   =- 
k.MüWp 

0) 

V p 
X H,   -r }U)UUJ± +—— (42) 

and: 

V\ü± k:(l-co;/co2)-k; H, = -■ 
k,enco-' 

and when B0—>0, we have: 

ro1" p 

CO 

/ ; \ - 
_ co: V:E, + k- 1- p 

-k; 
V (0    J 

Ei = Jwu0Jx + 

e  xE, 

V,P 

(VxJl (43) 

Eo(l-00j /CO2 
(44) 

and: 

V;H 
f 2\ CO' 
1--4 k: 

Equations (38) and (39) again remain unchanged. 

H x=-(VxJ)x (45) 

The general interaction equations obtained above cover almost all kinds of interactions in a 

smooth waveguide with or without a plasma fill. Which interaction equation to use depends on the 

specific case and on the preferences of the author -   . 
... _ /; 

It should be pointed out here that since the TE and TM modes are always coupled to each other, 

the longitudinal and transverse interactions are also both present if transverse electron motion exists. 
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IV. Beam-Wave Interactions in a Corrugated MPW I. 
r 

Wave propagation through a corrugated MPW has been previously studied [20]. According to 

/' Floquet's theorem, the fields should be expanded as follows: 

s 

H = £Hie-jk"2 (46) 

where: 

^Z.S   ~  ^ZO + 

Z7IS 
(47) 

, L is the spatial period, and s is the spatial harmonic number.  Once again, we can find the interaction 

\ equations expressed in terms of both the longitudinal as well as the transverse field components. 

A. Longitudinal Field Expressions: 

Substituting (46) and (47) into (22) and (23) yields the following for the longitudinal field 

components: 

where: 

Z(V1E« + aE~) = ifb,HM + jcou0J,., - *üp,' 

I(V1H„ + e.H„) - l(d.E„ - (V x I.) - «51p. 

a. = (-kL + k2e.)e3/e. 
b, =Jk

IJ^0E2/e. 

c, = -kl, + k:(eJ-^)/e 
d, =-jkI.Icoe0e2E3/e1 

(48) 

(49) 

(50) 

The transverse field components EXj and Hlif may be found from (25) and (26) by simply replacing 

(kz, K", D and ]±) by (kM, K.,, D$ and Jls) respectively, where: 

K„ ~k ei~HMJ D,s = ^:,-k; (51) 
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Equation (48) can be used for plasma-filled devices like the TWT and BWO, while (49) can be used 

for a plasma-filled ECRM in a periodic system. 

In the plasma-free case, cop=0, E2=0, e,=e3=l, (48) and (49) reduce to: 

ZhH,,+(k!-kl)H,,] = -X(VxJi)! 
1 i 

When cop*0, B0->oo, we have: 

Z[v:EIJ+(kJ-kL)(i-co;/^)EZJJ = 2: 
* $ - 

Z[viHI.I+(k-k;)H,s] = -X(VxJs) 

( ik      > 
MV,,- —P 

Eo      ) 

and when B0—>0, we have: 

l{viEIJ+[kJ(l-o>;/co->kL]EZJ} = X J^oJz., /,   r".      ,,P, 
.(l-wj/ar) 

(52) 

(53) 

(54) 

(55) 

(56) 

(57) 

Equations (54) and (55) are commonly used for the plasma-filled BWO and TWT, when the coupling 

between the TE and TM modes due to the magnetized background plasma is neglected. 

B.Transverse Field Expressions: 

Similarly, substituting (46) and (47) into (36) and (37) yields the following for the transverse 

field components: 
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V2E    + V1C'X4 T 

k'(c?-t?)-kLE, K -I 
(e,-e.) 

^e.xj,.+ 
ViPs 

^i 

(58) 

and: 

Z[Vi»i.s+(k',E3-kL)H1,] = X[-ikz.sweüc:EXs + k2o)eü(E3-el)e2xE1,-(VxJb) |    (59) 
s s " J 

The longitudinal field components Ezs and H2S can be found by using the same substitutions mentioned 

before. 

In the plasma-free case, (58) and (59) reduce to: 

ZlviH^+fk'-kLjH^-KVxJ,)/ 

and when o)p*0, Bo->°o, they reduce to: 

XJV:E1J+[k2-kL(l-co;/o2)]Ex.,} = X •    "7       k„fi0o)J_      -        VlPs 

(Ü 

Z{vlH,J+[kJ(l-o>;/(o2)-kL]H1J} = Z-^k2e0e2xE1J-(VxJs)i 

and when B0-»0, we have: 

Z{v:H,J+[kJ(i-co;/co2)-k-;.s]Hx,} = -x(vxji)i 

(60) 

(61) 

(62) 

(63) 

(64) 

(65) 
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The interaction equations obtained above can be used for both linear and non-linear beam-wave 

interactions in general cases for either a vacuum or a plasma fill. It should also be pointed out that 

longitudinal and transverse interactions are also both present in a periodic structure provided that 

transverse electron motion is present. 

V. Dispersion Equations of Electron Beam-Wave Interactions in an MPW Usin° a 

Fluid Model 

Based on the interaction equations given in the last section, the dispersion equations for 

different kinds of beam-wave interactions in an MPW can be obtained. Those for longitudinal 

interactions, for the case of a TWT/BWO, and for transverse interactions are discussed individually in 

the three subsections below. 

A. Dispersion Equations for Longitudinal Interactions 

Starting with (22), Appendix B derives the following dispersion equation (B-5): 

**(*\ -kio)PE + JWifr, -k^P« = -jcDuoE, JJj.E'a.ds + ^ä. jJpE^ds (66) 

Plasma Cherenkov radiation devices typically rely on longitudinal interactions. The dispersion 

character of wave propagation along an MPW without an electron beam (see Appendix A) can be 

described by this dispersion equation. From this equation we can also get kz0. One sees that without 

dielectric loading, all the waves, except the plasma wave modes, are fast waves. In plasma Cherenkov 

devices, therefore, it is necessary to insert dielectric loading or to use a corrugated wavecuide. 

From (22), the continuity equation yields: 

v.j+|=o (67) 

- Ifi - 



and by using a fluid model for the electron beam, we obtain 

J, =j °   b  ,E 
(ffi-kzvo) 

2      i (68) 

I    We can then rewrite the dispersion equation (66) as: 

l 

g3(k--k;0)pE+j^o£;(k;-k20)PHE = CÜ;^'k    ^pE 

(ffl-kzVü)" 

(69) 

where: 

PE = J{E2.E> ' 

PHE* JjH,-E> 
(70) 

Here k20 is determined by the dispersion equation for the plasma filled waveguide without an electron 

beam and: 

CDb = 
P0e e / n-.\-I'2 _ /  

(71) 
m0yoeo 

where p0 is the equilibrium charge density of the electron beam, and v0 is the equilibrium velocity of 

the beam. The calculation of beam current using kinetic theory is given in Part II of this paper. 

The solutions of (69) can be obtained easily as follows: 

K* 
l 

E3 + 

£,+ -b -.  1 
(to-k.vj 

*l       1 
PE 

k2 

(cD-klVo)
2 

•{-jCüp.0E-2PHE±{-CüVoe;P 
2 
HE 

(72) 

kIoe3PE
+Jco^oe:PHEkzo + 

(ö)-kzv0)
2 

1/2 

From (72), we derive the instability criteria for plasma Cherenkov radiation to be: 

£> + 
CO, 

(<ö-k2v0) 

,2        • P
HE ,    ^    co;e,k- 

PE (to-kzv0) 
'     2    2n2 <co ^0e:P„ (73) 

When cop=0 and PHE=0. (72) yields: 

- n - 



k2 -k2   - 
_<o;(e,k2-k2) 

fa-k^)2 

For the plasma filled case, when B0-^w or B0-*0, (74) becomes: 

^(k!-kL) = 00 
T^-kl) 

(w-k,v20)
: 

Equation (75) is the same as that given in [22]. The instability criteria, (73), then reduces to: 

e3 + 
oo, 

(w-kzv0)
: 

k2.   ,     ^bg|k: 
K
zOE3 + 

(w-k2v0)
: 

<0 

(74) 

(75) 

(76) 

B. The Dispersion Equations for a TWT/BWO 

In a BWO or TWT, a corrugated waveguide is often used. From (48), we can follow the same 

procedures as those of Section 1 of Appendix B to obtain: 

Z[eiO<L " kL)PE, + J«H.c2(kM - k,0,)PHEj] = 

Jk, -JW,JJjX* + ^JJpE> 

that can be rewritten as 

ZMkL -k;0j)PEj + jan.e^k« - kx04)PHE.,] = X 

If only the synchronous term is considered, wc get: 

>>K -k!o.,)pE.q+j«n.ei(kM - kz0,)PH,q = 7(£|k2'k;;) 
(^-kz^'o) 

a    PH, 

In the case of no plasma fill, (78) reduces to: 

(77) 

(78) 

(79) 
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Z(kL-kL)p,, = E 
CD ;(k'-kL) 
(^-kz.Vo) 

2   'E4 (80) 

If we only take one synchronous term s=q in (80), we get: 

(w-kMVo) 
2 'E.q 

(81) 

Eq. (81) is the same as that given in [25]. 

C. The Dispersion Equations for Transverse Interactions: 

A typical and very important transverse interaction is that found in the ECRM. We now 

consider this interaction with a plasma fill. From (36), the procedures of Section 1 of Appendix B 

yields the following dispersion equation: 

£3(kz-k20)PEi +jcou0e2(kI-kl0)PHEi + cou0(e3 -e,)(kz -k20)PEHi = 

-jcou0e, /pa. - El0ds JJ(Vxp)x -El0ds 

When plasma is absent and the space charge term is neglected, (82) reduces to; 

(k:-k2
l0)PEi=-jco^JJJ,-E;ods 

(82) 

(83) 

which can be rewritten as: 

CO 
\ 

. 2        U 2 -k2 -k 
C J 

= j^JJVE;0ds (84) 

Equation (84) is simply the one used for vacuum gyrotron devices [27]. 

For a corrugated waveguide, (82) becomes: 

Z[e3(k»-kzo)PElJ + J^oe2(k„-kl0)P„Ej.s+o)p0(63-e1)(kIJ-kz0)Pbll , 

-I jcou0e, JJJX4 • E104ds + ±- \\{V±p)x ■ El0.,ds 
(85) 
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For the vacuum case, the space charge term is neglected and we obtain: 

Z(kL " k'o)PEiJ = ~Z J^o JP„ -E^ds (86) 
* s 

At this point, it is important to again remember that, for the case of a magnetized plasma fill, transverse 

interactions are accompanied by longitudinal interactions. 

Several important points must be highlighted here. First, according to (9)-(14), each field 

component is split into four parts, and correspondingly, J2 and ]± are also divided into four pans. 

Second, it therefore follows that each of the integrations (PE, PEi, PHE, p1|Elj fh-E^ds and 

JJJ, E.pods) has 16 terms. This makes the interaction and dispersion equations very complicated. 

Thirdjblclu^ and^TM modes, Ez and Ex always exist simuk^e^j?) 

(Therefore/we always have transverse and longitudinal interactions together. This is the most important 

feature of beam-wave interactions in a magnetized plasma waveguide. 

VI. Theoretical Analysis of Electron Beam-Wave Interactions in an MPW with an 

Ion-Channel Taken into Account 

As mentioned in the introduction, when an electron beam is injected into a plasma, an ion- 

channel may be formed if the beam density is relatively high. In most published papers dealing with 

beam-wave interactions in plasma waveguides [1], [3]-[5], [8], [9] the ion-channel effect is neglected. 

This is valid when the beam density is so low that the effects of the electron beam on the plasma 

background are not significant. However, when the beam density is high, say/nb » np (or ever?) 

nb > nj) where nb is the beam density and the np is the background plasma density, the ion-channel 

may play an essential role in beam-wave interactions and cannot be neclected. 
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A theoretical analysis of electron beam-wave interactions in an MPW with the ion-channel 

taken into consideration is given in this section using a fluid model. The theory for a plasma filled 

ECRM with an ion-channel will be given in Part II of this paper. First, a general review of the 

formation of an ion-channel is presented in Subsection A below. Subsection B then deals with the 

dispersion equations for longitudinal beam-wave interactions in an MPW with the ion-channel taken 

into account. The corresponding transverse interactions are analyzed in Part II of this paper using 

kinetic theory. Beam-wave interactions in an unmagnetized plasma waveguide are also included there. 

Some detailed derivations are provided in Appendix C. 

A. The Formation of an Ion Channel in an MPW 

Electron beam propagation through plasma has been an important topic of study in both physics 

and electrical engineering for a long time [16]-[18]. In this section, we first give a general review and 

then present some assumptions to be used in the detailed analysis. 

As an electron beam propagates through a plasma, it continuously expels plasma electrons 

away from the beam volume. This expulsion is partial or complete depending on the ratio of the beam 

density to the background plasma density (nt/np), leaving the heavy ions of the plasma to provide 

focusing and neutralization for the beam. Therefore, for the case where the beam density is relatively 

high, an ion-channel can be formed. A rough estimate can be made that the radius of the ion-channel, 

R,, as R, = b(nb I np)
ul, where b is the radius of electron beam. This implies that when nb > np, the 

ion-channel radius is even larger than that of the electron beam. 

In the theoretical analysis that follows, we will deal with both a solid and a hollow electron 

beam. The solid beam case is shown in Fig. 1(a) and that for a hollow beam in Fig. 1(b). 
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Fig. 1 shows that, for a solid beam, the ion-channel is formed both inside and outside the beam 

radius if nb > np. For a hollow beam, an ion-channel can be formed in the beam volume itself as well 

as outside that volume, but inside the beam radius, the plasma still remains. 

Based on the above discussion of ion-channel formation, the following concepts of the model 

for further analysis can be deduced. Since we are using the "applied field" approach, the following 

models for studying the longitudinal and transverse interactions are very useful, as shown in Fig. 2. 

Under the "applied field" approach, it is understood that both the electron motion and also the 

perturbed electron current density are calculated by assuming that the beam"electrons are moving in the 

field of the plasma waveguide without the electron beam present. Therefore, now with the ion- 

channel, we have two "plasma waveguide models", as shown in Fig. 2(a) and Fig. 2(b). Introducing 

the concept of the "plasma waveguide model" greatly simplifies the theoretical analysis that follows. 

Our first step in studying the beam-wave interactions is simply to calculate the field in the "simplified 

plasma waveguide model." 

Using this approach, the interaction equations and the dispersion equations given in Sections 

III, IV, and V can also be used. The only necessary modification is that now the beam-wave 

interactions take place in the ion-channel region. 

B. Dispersion Equations for the Longitudinal Interactions 

As mentioned above, we now calculate the field in the "simplified MPW Model" for" 

longitudinal interactions involving a solid electron beam. This model is shown in Fig. 2(a), and the 

detailed derivations can be found in Appendix C.  Since the beam-wave interactions take place in the 

ion-channel region. (66) from Section V above can be used: 

4kl ~ *.'oh = -J W, \\jXods + A ^pE'i0ds (87) 
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In this equation, we consider that in the ion-channel, e, = 1-CD* /co2 and e2 = 0, and that for the 

heavy ions, a^/a-O. Then, a similar dispersion equation can be obtained: 

*.-*,'„=/    ,     J (88) 

It should be noted that in (87) and (88), kzQ denotes the phase constant for wave propagation in the 

"simplified MPW model" shown in Fig. 2(a). 

It is not difficult to derive the dispersion relation for longitudinal interactions in a corrugated 

MPW with an ion-channel as follows: 

•  (*>-*.,".) (89) 

If one only considers the synchronous term, this reduces to: 

[co - k. ,v0 f % \ ...oJ (90) 

•v.    where "s" indicates the s-th spatial harmonic. 

C. Interactions in Devices Such as the PASOTRON 

Beam-wave interactions may also take place in plasma waveguides without a magnetic field. 

The PASOTRON device [14], [26] is a good example of this case. Here we consider such interactions 

^     with an ion-channel taken into account.   We begin with the smooth-walled configuration.   For that 

i case, the field expressions are as follows (only considering the TM mode) (see Fig. 2a.): 

For Region I (b«h«mcJjegion,\4^.J?-|£Ri>): 
jnla.J»-'-- / 

E: = AlJm(pR)+A2Nm(pR) V       (91) 

EK=-^-Ufm(pR) + A2Nm(pR)] (92) 
P L J 
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p R (93) 

H   =-Q)£0£tm 

P2R 
[AlJm(pR) + A2NJpR)] 

H^-i^f±iAijm(pR)+A2Nm(pR)} y 

where 

0) 

For Region II (rJasmajregion, Ri^-ft^F^): 

/] — <* E, = A3JJkcR) v/ 

E*=-Y~[AMkM 

k.m 

P*1 E.,=^[AiJm{kcR)) 

H^-^lA^kM 

a^ 
\ >»v 

->>^ 

j ^ 

(94) 

(95) 

(96) 

(97) 

(98) 

(99) 

(100) 

where 

H.—tf^lAMKR)}      V 

p* =kl-kUx 

k;=kl-k] 

The boundary' conditions are: 

At R=a: f^ = 0 

- H. At R=R: £„=£„, B^.= £-    U.p t   ^^ 

Simple mathematics yields the coefficients: 

2T 

(101) 

(102) 

(103) 

(104) 

(105) 
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UW»*(P°) 

and dispersion equations for the simplified plasma waveguide model: 

(106) 

(107) 

A = = 0 

JSP") Nm{pa) 0 

JM)      N.ipRi)      -J.(W 

-k-T.iP*,)   ^Nm(P*,)   -jiUW 
p^ px K 

% 
The dispersion relation for beam-wave interactions can be obtained as : 

(co-k:vl0) 

where k:0 may be derived from (108). 

The dispersion relation for interactions in the full corrugated-waveguide PASOTRON device is: 

(108) 

(109) 

Z(*»-*/.X-S fe ^ «;(*'-£) k 
V W w 

(110) 

Equation (110) can be used for the cases of a BWO/TWT, a plasma waveguide without a magnetic 

field (unmagnetized plasma), and for the cases where an ion-channel is present. 

VII. Sample Numerical Calculations for Longitudinal Interactions 

In the preceding sections of this paper, complete theoretical formulations for beam-wave 

interactions in an MPW have been derived. In order to illustrate the theory, computer calculations have 

been carried out for.longitudinal interactions for some sample cases. The calculations clearly show that 
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there are many unique and significant features of beam-wave interactions when a magnetized plasma 

fill is present. 

Computer calculations for BWO and Cherenkov radiation have appeared in previous papers [9], 

[10], [22]. Therefore we concentrate on a different configuration, namely that of a circular cylindrical 

waveguide filled with a thin annular plasma and a thin annular electron beam propagating and 

interacting with the wave as shown in Fig. 3. Since the corresponding experimental work has already 

been published [28], we are able to compare our calculations directly to those results. Since there is 

only a thin annular plasma background, the ion-channel effect can be neglected and the interaction 

equations (66) and (69) from above can be used: 

*j(*.2 " Vo)PE +J<»M*£1(k1-ksfi)PHE = -ja^e, \\jXods+J-^-\\pE:üds 
*0 

(co-k.v.y 

(HI) 

(112) 

In order to find kj0, PE and PHE, the simplified plasma-filled waveguide model, that is the 

waveguide filled with an annular plasma but without an electron beam, will be studied first. The 

detailed solution is as follows. 

Referring to Fig. 3, a hollow waveguide is filled with an annular plasma (Region II) of outer 

k      and inner radius, r* and r~ -i but without an electron beam. Then the field component expressions for 

the different regions can be written as follows: 

For Region I: r~ < R < Rf   between the annular plasma and the waveguide wall 

E!=AtJm(k(R) + A2NJk(R)) 

H!=B,Jm(kcR) + B2NJkeR)j 

For Region II: r~ < R < r*   inside the annular plasma volume itself 

(113) 
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El
B«A3JmO>iR) + A4Nm(plR) + AiJm(piR) + AtNm(plR)      ] 

"! = W.(Pi*) + A<hlNm(piR) + Aih2Jm(p2R) + A6h2Nm{p2R)\ 

For Region III: 0 < R < r~   inside the volume enclosed by the annular plasma 

E;" = A7JJkcR)) 

H"' = AtJm{kcR)\ 

(114) 

(115) 

with the boundary conditions: 

at R = R. 

attf = r;: 

attf = r;: 

E!=0, 

E; = E<! , 

H[=H',\ 

F" - F'" 

H'J = Hf, 

E'=0 

El = E" 9 9 

K = K 9 9 

E" = E"' 9       9 

H" =H'" 9 9 

(116) 

(117) 

(118) 

The components Ex, E9, HR% Hv can be found by using (A-3)-(A-6) in Appendix A. Then, 

substituting the field component expressions, (113)-(115), into the boundary conditions, (116)-(U8), 

?     yields the individual elements of the dispersion relation: 

A = 

0.. QM         ■ ••      fl..IO 

fl2. fl2J         • ••    fl:.io 

QI0.I °I0.2       • ••     ^lOJO 

= 0 (119) 

Using (119), we can calculate the dispersion relation without an electron beam present.   Thus, the 

fields £.0 and Hl0 can also be obtained. Then, we can get P£ and PHE by using the equations, 

P£ = \\E,o-E]0ds (120) 

(121) 
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So, according to (66) and (69) in Section V or (111) and (112), the longitudinal interactions of the 

plasma waves and the electron beam have been calculated. 

We find that there are at least two differences between our work and the experiment cited in [28]. 

They are as follows: 

1) The authors of [28] stated specifically that only "the E-mode" (i.e. - the TM mode) were 

considered there. However, theory [19], [20] demands that in an MPW the "E-mode" cannot exist 

independently. Only the hybrid modes, HE or EH, are allowed. 

2) It was also indicated in [28] that the modes for which the cut-off frequency is zero and the 

phase velocity is less than the speed of the light were used. Therefore, the mode used in [28] belongs 

to the "plasma waves" or "T-G modes". With an annular plasma fill, our calculations show that only a 

symmetrical mode with m=0, (HEc, or EH0n with no azimuthal variation), may have zero cut-off 

frequencies. The cut-off frequencies of all asymmetrical modes are not zero. That is the essential 

d.fference between a solid plasma fill and the annular plasma fill. Therefore, our calculations are 

mainly focused on the m=0 mode. 

/   The results of the numerical calculations are shown in Figs. 4 -9.  Fig.4 shows the dispersion 

curve of the HE01 mode for different values of np (2xl0,3/cm\ 4xlOl3/cm3, 6xlOl3/cm3 , Sxlo'W 

andlOxlo'W). The cut-off frequency for all the curves is zero. Fig.5 shows the dispersion curves 

for the simplified plasma waveguide model (plasma-filled waveguide without an electron beam) for the 
i 
asymmetric mode, HE„. It shows the intersections of the dispersion curves with the light line, c, and " 

jthe electron beam line, 500keV.   The intersection is at about 15 GHz, higher than that for the 

isymmetrical mode.  Fig. 5 clearly shows that the cut-off frequencies for the asymmetrical modes are 

jnot zero.  Fig. 6 shows the real part, Re(L), for the beam-wave interactions of the HE01 mode.  The 

Imaginary part, Imfe), is shown »nJMg^.  These plots show that the instability may exist in quite a 
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;.    broad frequency band. The corresponding plots for the interactions with the HEn mode are shown in 

I    Fig. 8 and Fig. 9. 

Direct comparison between our numerical calculations and the experimental results given in 

[28] (Fig. 2(d) in [28] for example) shows good basic agreement. However, our calculations do not 

agree with the theoretical calculations given in Fig. 4 of [28]. This is understandable since we 

calculated the hybrid mode while in [28] the "E-mode" was used. v ^ 

.'■     A very interesting new result of our calculations is that the frequency for the peak growth rate \ 

of the interaction instability is far from the frequency at which the beam line is tangential to the 

dispersion curve for the plasma waveguide without a beam.    This is perhaps one of the main 

^differences .betwegn___the   MPW_and   the   vacuum   case.      This   is   worthy   of further  study. 

VIII. Some Possible New Interactions in an MPW        _ L'-i-) 

There are varieties of propagating waves in an MP^fWhen a driving electron beam is present, 

,' there must naturally be some coupling between/among waves. Such coupling, of course, may lead to 

some instabilities. In reference [10], for example, a* parametric coupling excitation was presented. It is 

suggested that the T-G mode parametrically couples with a TM mode to excite a negative energy beam 

I mode. The beam mode feeds energy into the positive energy T-G and TM modes giving rise to an 

explosive instability. 

In an MPW, the mechanism is actually somewhat different from that given in [10]. Here the T- 

G mode parametrically couples with either the EHnm or HEmil mode, or even with one of the cyclotron 

modes, and then excites the electron beam. Now there are two transverse wave numbers, pi and p2, so 

the excitation condition should be modified also. Considering the varieties of waves that can propagate 
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I 
in an MPW, the formulations become much more complicated, some results will be given in a future 

paper by the authors.   

There exists a special kind of wave family that can propagate in an MPW in the frequency 

/ range: (cop <co <coc or coc <co <cop), called the cyclotron modes. In particular, some of these waves 

are inherently backward waves (negative dispersion). This may therefore constitute a new interaction 

mechanism with the cyclotron waves. Similarly for backward waves, a new type of BWO might be 

constructed without the need for a periodic structure. The formulations of beam-wave interactions with 

i' 

:yclotron waves parallel those given in Sections III and IV above^/In principle, the slow cyclotron 

waves may also be used as pump waves for parametric excitation. 

The ion-channel produced by an electron beam propagating in a plasma complicates the beam- 

wave interactions. When there is no external guide magnetic field, an ion-channel laser may result. 

When the external guide magnetic field is not zero, there will exist a new kind of hybrid interaction. 

The authors are preparing another paper to analyze and discuss this new hybrid instability [29]. 

IX. Discussion ami-Analysis c-l   ^rr****^.   Ccrv^U.v» 

The general formulations, including the general interaction equations and dispersion equations, 

given in this paper cover almost all kinds of beam-wave interactions in a waveguide with and without a 

plasma fill. Now based on these formulations, the following observations can be made concerning the 

specific influences and roles of the magnetized plasma fill itself. 

1. Physically, the cyclotron motion of the background plasma electron plays a very important 

role. Because of it, we have e2 = —2—j * 0 {see (7)}. This gives rise to the coupling between the TE 

and TM modes j3ccamscd2*ö=and=<J*6:    It also produces the additional parts of the wave field 
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components associated with kj = k e2.   These parts of the wave field are directly involved in the 

beam-wave interactions. £- 
^JThe field patterns in an MPW are much more complicated than those in a vacuum   y 

f waveguide.    The field structure is completely changed.  iThere are-two 'eigenvalues and two \ 

~ _     . _ ,i 

/correspondinlg^igenfunctions.    The plasma background produces additional parts of the wave. 

Therefore,    all    field    components,    E*    for    example,    may   be    divided    into    four   pans: ! 

E, = E»i + E„2 + E»ip + E»2p where E*i is produced by Ht = A,h,Jm(p1R)+ A,h,JIB(p,R) and is 

called the TE-like part. E<<.2 is produced by Ez= A,Jni(p,R) +AJn,(p:R) and is called the TM-like ', 

i 

part, and E»,p and E<np are additional parts due to the plasma background.   All of these parts are i 
i 

involved in the beam-wave interactions, vastly complicating them. • 

Similarly,   the   RF   current   density   components   gain   two   plasma   parts   as   follows:   1 

J, = J.i + J,j + J,ip + J»2p. and Jz = Jz. + Jz2 + J2.P 
+ Jz2P (See Part II of this paper). j 

Beam-wave interactions mainly depend on the term   JJJE'ds.   Therefore, the magnetized 

plasma      fill      greatly      complicates      the      interactions      in      the      following      manner: 

{Jj, E>= JJj#-E;ds= JJ(J„E;, +J„E;2 + J„E;1P +J.,E;1P +J.,PE;, +JW1PE;2 + JPIPE;1P 

^J..pE*,2p+J,:E,. +J,2E^+J,2EU+J»2E^P+J^PE*>+J^PE^+J»2P
E*.p+J»:P

Ep:p)ds-        The 

same is true for ffj^ -Ejds.   Since jTJ^ • E^ds represents the transverse beam-wave interaction, and 

,ptd & since [fj , • Ejds represents the longitudinal beam-wave interaction, and iince both E^ and E2 always    ^ 

: 4   existTwecansee clearly that transverse interactions are always accompanied by longitudinal 

interactions. So beam-wave interactions in an MPW are much more complicated and richer than those / 

; / 

i'v 
for the vacuum case. 

__.- ,)-",•■■•'.-'--'• ^     *     -v---.--^ -     r/ /-/. 
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3. An instability of the longitudinal interactions and that of the transverse interactions may or 

may not occur at the same frequency. The instability will of course be enhanced when they do occur at 

same frequency. When they occur at different frequencies, a spurious spectrum will occur. 

4. When an electron beam is injected into a plasma, an ion-channel may be formed if the beam 

density and energy are sufficiently high. Then the analysis of beam-wave interactions must take the 

ion-channel into account. 

,-Xr-€onclusiens— 

I ]^7 The basic theory of electron beam-wave interactions in a waveguide filled with plasma 

f     immersed in a finite magnetic field has been presented in this paper. ^The interaction equations and 

[" | dispersion relations for both longitudinal and transverse interactions in a magnetized plasma have been 

formulated. These equations cover almost all kinds of beam-wave interactions. They can also be used 

for any parametric excitations that may exist. The interaction equations can be used for both linear and 

(non-linear waves, but the dispersion relations can only be used for the linear case. The theory given in 

this paper is only valid as long as the plasma background is not distorted; that is, as long as the 

background plasma can be described by the permittivity tensor given in (6)-(8). 

From the formulations given in this paper, eight major results were obtained. First, the 

/importance of the background plasma is that: 1) The electron gyrating motion of the background 

plasma couples the TE modes and TM modes, 2) This coupling generates the hybrid HE mode and EH 1 « 

mode; also, because of the magnetized plasma, there are varieties of modes propagating along the 

waveguide, and 3) The background plasma itself is involved in the electron beam-wave interactions by 

producing additional parts of the wave that depend on the gyrating motion. Thus, the magnetized 

background plasma makes the electron beam-wave interactions much more complicated and rich. 

-   3M   - 



\ Second, since the TE and TM modes are always coupled, in an MPW, E2 and E± always exist 

; simultaneously. In plasma-filled microwave devices, therefore, there are no pure transverse 

interactions. They are always accompanied by longitudinal interactions with corresponding slow 

waves that can exist in an MPW both for smooth and corrugated walls. Likewise there is no pure 

longitudinal interaction. If there is any, even small, transverse electron motion, there must be some 

transverse interaction. It is inherent in an MPW that the transverse and longitudinal interactions arc 

coupled. 

Third, since there are varieties of waves in an MPW, when the electron beam is present, 

coupling between/among waves may happen. The low frequency plasma modes (T-G modes or even 

cyclotron waves) may serve as the pump wave and parametric excitations may be obtained. 

Fourth, there is a special kind of wave family in the frequency range: (co <CD<COC or 

coc <co <cop), called cyclotron modes. The waves in this family are all electromagnetic waves. They 

can interact directly with the electron beam, since their phase velocities may be less than the speed of 

light. In particular, some of the cyclotron waves are inherently negative; they are natural backward- 

waves. These inherent backward-waves may even be used for building backward-wave oscillators 

without periodic structures. 

Fifth, the instabilities caused by longitudinal and transverse interactions may lead to two cases: 

(a). If two instability mechanisms occur at the same frequency or in the same frequency band, if 

properly adjusted (i.e.- carefully tuned), the instability will be dramatically enhanced, (b). If two 

instability mechanisms occur at different frequencies or frequency bands, then, spurious oscillations 

may occur. 

Sixth, the coupling between TE and TM modes in the waveguide and the intensity of the 

interactions due to the participation of the plasma depend on the plasma electron gyrating motion and 
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the plasma background density. It is proportional to the parameter k! = k'e  = -k'  ^'T    r . 1L \ 
/ 1-T- (ü \ 

CO 

T = t' ThUS> 3djUSting th£ magnetic field and the density of ^e background plasma is important for 

the design and operation of plasma-filled devices.  Those parameters thereby permit frequency-tuning 

of a given device [30]. 

Seventh, when an ion-channel is formed, any theoretical analysis of the system must take it into 

consideration. One of the most convenient approaches is to use our simplified plasma waveguide 

model for a solid beam or for a hollow beam. The electron beam-wave interactionjjaJ^ place-in the- 

ion-cBlrmelrggjon itself. ^ """" 

Finally. 6ur theoretical predictions ^c^nto that, in general, the frequency spectrum and the 

spurious output of plasma filled devices cannot be of as high a quality as that of vacuum devices. That 

appears to be the main price we must pay for enhancing the output power and efficiency of microwave 

devices by means of a plasma fill. 

-   3b 



Appendix A: Basic Equations / Properties of Wave Propagation in an MPW 

In this appendix, a detailed derivation of the basic equations and illustrations of the character of 

wave propagation in an MPW are given. These equations and characteristics are necessary for a full 

appreciation of the results presented in this paper. 

1. Basic Equations: 

The longitudinal field components in a smooth-walled MPW are given in (1) and (2) as: 

E: = AxJm{pxR) + A2Jm{pzR) (A-l) 

#, = Axh,Jm{p,R) + A2h2Jm{p2R) (A-2) 

The transverse field components can be derived from (11) by assuming a form like (A-l) and (A-2) for 

each field subcomponent and making the substitution from (3) and (4): <r 
E" = ^|-A*2[4V.M)+ A2p2Jm{p2R)]-jk:kl j[AlJm{plR) + A2Jm{p2R)] + 

<Ofi0kl[AlhlPlfm(piR)+ A2h2p2Jn(p2R)] + CüMoK
2 j[A^Ja(PlR)+ A2h2Ja(p2R)]\ 

(A-3) 

jOi^kl^A^J^R)^ A2h2Jm(p2R)\^ 

HR =-\-coe0e2k][A,p/m{plR)^A2p2J'in{p2R)]-o}£ü[eX' -ff:*i)^- 

[^,y.(/»I/i)+^^(p2Ä)]-Ai:,[^A1/71^(AÄ) + ^A!/'^-(/'2Ä)] 

-jk.ytj[Axh,JSPiR)+A2h2Jm{p2Rjh 

(A-4) 

(A-5) 

T-^V^c/.^    i,->JX    u    yu«<L   1)     Tf'w-Oj- 
V 
ri*.l     '•. 
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(A-6) 

where: D = K4-k;   K' = -k> + k>e,  kj = orW: =k%   c^jz2 

\\  uj.V    R. - c^ !^Z°/   % ~ ° 
(A-7) 

he dispersion relatiolTcänSeobtained from (22), (A-l), and (A-2) as follows: 

pJ.ipAKiPi*,) 
K JKK^jf-{^-^) 

JMl+j£-{s>K>-etpl) 

ktc2 

-J 

■P2J'm{p2
R

f)J.{pA)- 

c,k: (A-8) 

For a corrugated waveguide, the field components should be expanded using Floquet's theorem [31]. 

E>=T,[^~{p^hA2„Ja(P2jiR)]e-»': (A.9) 

H. = Z[A^^PuR) + A2A.Jm{p2j,R)]e-Ji-: 
(A-10) 

Where the wave factor exp(jcot +jm<p-jk„z) is implied in the above but not shown, and 

27m 
K//.n — K// + ■ (A-ll) 

and L is the spatial period. 

The expressions for the transverse field components {ER,E9,HR,H9) may be obtained by 

using Floquet's expansion of the respective equations. We also have the eigenvalues for the corrugated 

waveguide: 

1 -S, 

(A-12) 
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(A-13) 

D, = K;-k; 

i 

K!=-kL + k3
£l 

(A-14) 

(A-15) 

The boundary conditions along the corrugated waveguide surfaces may be written as: 

R = a + hcosk0z (A-16) 

E,=0, Hn=0 (A-17) 

where we assume that the waveguide has a sinusoidal boundary wall, h is the depth of the ripple, and 

k0 =—.   So (A-16) and (A-17) reduce to: 

(E, - E.k0hsmk0z).    .    .   =0 
V    * *    0 °   / Jtma*h cos k,i 

(HXhsink0z-Hr),    .    ,   = 0 

(A-18) 

(A-19) 

Substituting the field component expressions into the boundary conditions, and taking the average 

value in one spatial period, we obtain: 

(G-..L     (G-L 
*iji = 0 (A-20) 

Where: 

(F^L=l^dz f/-(A^) + — Jk,XPlMP**R) + Jjklk«>J<.(Pt*R) 

VMo*fa*Pij.S.(Pi*R)-Ja>MoKll'i*Jm(Px**) 

(A-21) 

A0/; 5Z« k0: >e ■y'("-j)*ir 

(^L -1 ifi^-^Äj+^r^A-j^yl^Äj+y^ *;^ym(^,B/?)- 

^o*,2*2^a^-(ft^)-^^o^2*j^-(ft^) 

(A-22) 

Vuwt0:^-'fe 
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-^.XK,pMp^R)-J\X^KMplnR) 

(G-L = \[yze-«-»< {h2Jm(p,aR)k0hsinkQz + 

The general dispersion relation for a corrugated MPW is then obtained as follows: 

= 0 

and for symmetric modes, 

KL     (o„)„ 
= 0 

(A-23) 

(A-24) 

(A-25) 

(A-26) 

2. Characteristics of Wave Propagation. 

Fig. A-l gives the dispersion curves of waves that may propagate in an MPW. It is obtained 

from (A-8). The figure shows that there are at least the following three kinds of waves (modes) that 

can propagate in an MPW: plasma waves (T-G mode), in the frequency range (0 < o< co ,); wavecuide 

j 

waves in the frequency (coh = ^ +coJ <<D); and cyclotron waves in the frequency range 

(Max(coc,cop)<co<<oh). We can see clearly that the plasma waves are slow waves (the phase 

velocity is less than the speed of light); the waveguide waves are fast waves (the phase velocity is 
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higher than the speed of light); as for the cyclotron waves the phase velocity can be either less than or 

greater than the speed of light depending on the frequency. It is interesting to point out that for some 

cyclotron waves the group velocity is negative (negative dispersion), and thus a natural backward wave 

can propagate. Therefore, the waveguide waves cannot directly interact with the electron beam, while 

cyclotron waves and plasma waves can. It has been shown in [22] that by means of dielectric loading, 

the phase velocity of some waveguide waves can be slowed down to less than the speed of light, thus 

allowing beam-wave interactions. 

Appendix B.   Derivation of Dispersion Equations for Electron Beam-Waye 

Interactions in an MPW 

1. For Longitudinal Interactions: 

From Maxwell's equations, we obtained the beam-wave interaction expression (22) and (23) as: 

V^ + aE^bH. + jcou^-ip (B-l) 

V{H, +rH, = dE, - (v x J) - ^-p (B-2) 
E\ 

where a, b, c, and d are defined in (24) and where J2and p are the z-component of the RF electron 

beam current density and the RF space-charge density, respectively. For the case of no electron beam, 

we have: 

V2
xEl0+a0El0 = b0H20 (B-3) 

V;H20+c0Hl0 = d0E20 (B-4) 

where a©, b0, Co and d0 denote the parameters for the case when the beam is absent, and similarly for Ez0 

and Hzo- 

From (B-l)-(B-4), we obtain the dispersion equations respectively: 

- m - 



«>(*.* -*i)'. + /«*.«,(*. - k„)Pm = -;w, ff/.£>*Ä JJ/*>    (B.5) 
and £° 

*.(*/ -**«)'* -Jcoe^k, -Ko)p£H m jj(vxj)t .I0b + aes ßpH]üds (B.6) 

To obtain (B-5) and (B-6), the following assumptions have been made: 

P£ = j\E: -£>=Jj£20.£> (B_7) 

^-JJ^^>sJJ//f0.^> (B_g) 

/»„ «//#,• £>a/K-£> (B.9) 

//(vi^)^>=JJ(v:£l0)-£> 
JJ(vI^)^>-J/(^^.)^> (B-1J) 

These assumptions are commonly used for linear theory when the influence of the electron beam on the 

field profile is negligible. 

2. For Transverse Interactions 

The same procedures can be used to obtain the dispersion equations for transverse interactions: 

*«(*/ -*iK +J*M9s3{k, -kl0)PHEi + »//.(*, -f.X*, -*J^ = 

-yd*/,*, Jp± • £> - J. lHy±p)i. ilods (B-l 6) 

and 

where: 

(*; -*iK -;«*.*,(*, -*I0)^ = j/(vx J)A .#>. 

«*.(*! -*,X*. -*:o)JJ(*-  X £x)-^;0& 
(B-l 7) 
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\=p,-H'xods=\\Hxo-H'1Qds 

PllEl=\\HL-Kods=\\H10-E-1Qds 

PEH, = p. ■ ÜI0& = JJ^xo • H'10ds (B-l 8) 

Similar procedures combined with the methodology used in Section IV can be used for the formulation 

of electron beam-wave interactions in a plasma filled corrugated waveguide. 

Appendix  C.     Field  Expressions   and  Dispersion  Relations  for  a 

Simplified MPW with a Solid Electron Beam 

In order to derive the dispersion relations for electron beam-wave interactions for a solid beam 

in an MPW with the ion-channel taken into account, we need to know the unperturbed plasma field 

distribution. The cross section diagram is shown in Fig. 1(a). According to the approach used in this 

paper (in both Part I and Part II), we calculate the unperturbed phase constant kz0 for wave propagation 

in the waveguide system without a beam. 'In the MPW with the ion-channel taken into account, the 

unperturbed field £j0 , E10 and kt0 can be found by using the configuration shown in Fig. 1(b). This 

is our simplified MPW model, only used for calculating the unperturbed field that interacts with the 

electron beam. 

The field expressions for the simplified MPW model for a solid beam are as follows: 

In Region II: 

E,=BxJm{pR) (C-l) 

H:=B2Jm(pR) (C-2) 

EK=\^-jklPBxJm{pR) + coMo-rBJm{pR)^ (C-3) 
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H*=y\-JVMoPB>Sm(pR) + k,™B2Jm(pR)\ 

Hr =-p-{-^ojB]Jm(pR)-jk:PB2JJpR)\ 

In Region I: 

E: = A]Jm(ptR) + A2Nm(PlR) + A3Jm(p2R) + AANm(p2R) 

H
i
=A,hxJm(<piR) + A2hlNm(,piR) + Aih2Jm{p2R) + Alh2Nin{p2R) 

-Jk:k\r^[AlJm{PlR) + A1Nn{piR) + A3Jn{p1R) + AtNn(p2R)] + coMok] 

.    lAApMpiR) + A2hlNm(p]R) + Aih2P2fn(p2R) + AAh2P2NJp,R)] + co^K2- 

[•W. (/>,*) + A2hiNln(plR) + Aih2Jm(p2R) + AAh2Na(p2R)]} 

£o=^kKl[APiJ'jPlR) + A2pXAPlR) + Aip2fjp2R) + Aip2Nm(p2R)] 

+ k:K
2^[AlJm(piR) + A2Nm(PlR) + AiJm(P2R) + A4NHI(p2R)]+j(oMoK

2 

UApXiP^ + A.hXjp^ + A^p.J^p^^A^p.Njp.R^j^.Kl- 

[AlhlJAPiR) + A2htNm(piR) + AihJJm(pJR) + A4h2Nm(p2R)} 

H' =^{-ß,^/,2[^I^(^1Ä) + A2plNm(piR) + AiP2J„(P2R) + A4p2Nm(p2R)] 

-cos0(eX- ~£tK
2

t)j[AiJ«(P>R)+ A2Nm(PiR) + AiJJp2R) + A^NJp.R)]* jk:K
2 

[AAPMPtR) + A2hlNJplR) + Aih2p2fjp2R) + AJup,NJp^R)}-jk.k;- 

[A,htJIK{p}R) + A2htNm(ptR) + A3h2Jm(p2R) + AJhNJp2R)]} 

(C-4) 

(C-5) 

(C-6) 

(C-7) 

(C-8) 

(C-9) 

(C-10) 

(C-ll) 
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-j<oe0stkljlAlJm(plR) + AlNm(piK) + A3JmU>2R) + A4Nm{piR)]+kMkl 

{AApXiP^ + A.hXAP^ + A^p^p^ + A^p.NJp^+LK2- 
r 

AlhlJm(plR) + A2h,Nm(plR) + AJhlJm(p2R) + AAh2Nm(p2R)} 

The boundary conditions are: 

(C-12) 

at/? = o 

at R = Ä/: 

£/=0, *: = 0 

*: = £; v 

*; 

(C-13) 

(C-14) 

By using (C-7)-(C-12), the dispersion relation for Region I becomes: 

A = 

aU      fll2 

fl6l       fl62 

'16 

'26 

66. 

= 0 (C-15) 

: 

where: 

an = Jm(Pia)    ol2 = Jm(p2a)   fll3 = #„(/>,)   au = NJp2a) 
a,j = 0   alt = 0 

a2l = (Ju^K2^* ktK\)pxfm{pxa)   a22 = {jcop^K2^ +klK\)pxJm(p2a) 

a» = OM*'A| + ktKl)p}N'm(Pla)   a22 = UmK2h2 + *,*;)/>, A^ (/>:*) 

a2i =0   a26 = 0 

a,i =•/.(/>.*)    a»=Jm(Pi*i)   °» = »JPA)   aM^Nm(PlRi) 
o„=0   fl36=0 

«4,=V.OVO     ta'tW.M)   a„=hxNm{pxR,)   a„ =h2N„(p2R,) 

aAS=0   a44=0 
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aSi =Uo>MoK2hj+ktKl)p/jpJRi)-Ucop0K
2hJ+ktKl)^-JJp2Ri) 

Ri 

a«2^=Uo)Mo^j+kX)pJNl(pJRl)-U(OM0K%+ksKl)pJ^Nm(pJR.) 
Ri 

<V:, =" j[-Mo(*,^J -^VM^A(M) + 0^<M2 -K'k^)-NJp^l 

abi=-jcoc0J'm{pRi) 
P 

au=—k,-^-Jm(pR,) 
P       Ri 

For longitudinal interactions we only need the kJ(1 term, but for transverse interactions, we also 

need to know the constants A„ A2, A3, A4 and B„ B2, which can be found by using the boundary 

conditions (C-13) and (C-14). 
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FIGURE CAPTIONS 

Figure 1. Ion-channels produced by a solid (a) and hollow (b) high density electron beam in an MPW. 

Figure 2. Simplified models for the study of beam-wave interactions in a plasma waveguide with an 

ion-channel (a) for a solid beam and (b) for a hollow beam. 

Figure 3. Schematic structure of a hollow waveguide with an annular plasma and electron-beam. 

Figure 4. Dispersion relation for the HEoi mode for different values of np. (v<) and c are the speed of 

the electron beam and of light, respectively.) 

Figure 5.  Dispersion relation for the HE] i mode for different values of np. 

(Note that the cut-off frequency is not zero.) 

Figure 6. The real part of k2Re for the HEoi mode vs the operating frequency. 

Figure 7. The imaginary part of ktRe showing the spatial growth rate of the HEoi mode vs the 

operating frequency. 

Figure 8. The real part of k2Re of the HEj ] mode vs the operating frequency. 

Figure 9. The imaginary part of klRe showing the spatial growth rate for the HE] i mode vs the 

operating frequency. 

Figure A-l. Atypical plot of dispersion curves (Bo=0.175T, Cüp=1.85xl010s"1, Rc=1.5cm) 
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Ahwact- Building upon the theoretical foundafions presented in Part I of this paper |1], 

flic kinetic theory of electron-bcam-wave interactions in a magnetized plasma-filled waveguide 

(MPW) is presented in (his second part. This kinetic theory treatment is more generally applicable 

to cases of less-intense electron-beams |2J. The dispersion relations for longitudinal and transverse 

interactions, in both smooth and corrugated waveguides, are all derived by using kinetic theoiy to 

model the e-beam dynamics. This includes kinetic theory treatments of the plasma filled electron 

cyclotron   resonance  maser (FX7RM)  and  a  combination  of Cherenko^-Cyclotron   resonance 

phenomena.  It is important to note that in an MPW (magnetized plasma waveguide), transverse 

interactions (eg. - F.CRM interactions) arc always coupled with longitudinal interactions.     *• 
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I. Introduction 

In Part I of this paper, the general theory of electron-beain-wave interactions in and dispersion 

relations for a waveguide filled with plasma immersed in a finite magnetic field (MP\V) have been 

presented. In this second part, kinetic theory is used for analyzing the electron beam, while the plasma 

background is still treated using fluid theory. In what follows, (he kinetic theory of beam-wave interactions 

in a smooth-walled MPW is given in Section FI. while that for a corrugated MPW is given in Section III. 

The kinetic theory of a plasma-filled Electron Cyclotron Resonance Maser (ECRM) is given in Section IV. 

Section V deals briefly with the combination of Cherenkov and Cyclotron (TWT/BWO-Cyclotron) 

resonance interactions. Section VI deals with transverse beam-wave interactions with an ion-channel taken 

into account. In Section VTl, sample numerical calculations for a plasma-filled ECRM are given. Detailed 

discussions and conclusions are presented in Section VTIT. The most cumbersome portions of these 

calculations are relegated to Appendices A. B, and C in order to streamline the flow of the paper. 

II. Kinetic Theory of E-Beam/Wave Interactions in a Smootlnvalled MPW 

The dispersion equations for electron-beam-wave interactions in a smootlnvalled MPW have 

been  derived in Part I of this paper using fluid models for both beam and plasma.  Now beam kinetic 

theory is used to obtain the dispersion equations. 

A. For Longitudinal Interactions 

The dispersion equation for longitudinal interactions in an MPW is given by K>6) in Part 1 [ 1 ] 

as: 

/*. c>(*/ -*/o)PE 
+ Mt0e3(*, "*,o)Pm = -./<»W. [f.. ■ £,>*+ — \p,F.\{Js {1) 

■2- 



where PE and PIIE are defined by (70) in Part I [ 1 ]. J1 and P, are now calculated using kinetic theory, as 

follows: 

J.=-e\f>-'-dp 

A = -e\l<fp 

(2) 

(3) 

where  /, is the perturbed distribution function [3]: 

/, = ~e M U (A) 

where /n is Üie equilibrium distribution function. If there is no transverse morion, /n can be chosen to 

take the form [4]: 

fo = -±fi(n.,-Po)Q(Rr-R) 
In 

where: 

0(A) = 
[0   (.v<0) 

|1    (-v>0) 

Tims f, can be rewritten as: 

Afler integration in momentum space, we get: 

JeE,      <fo 
(ro-k.v.) cp„ 

(5) 

(6). 

v 2» 
JO)F.0Oih 

h'V {M-k.v;ny 
(7) 

^-i*'i«^j 
(ft>-A- v.) 

(8) 

where m, is defined by (71) in Tart 1 ['].  The dispersion relation for longitudinal interactions (1) then 

becomes: 

-3- 



(<ö-*.-v,o) 

This is identical to (Jie dispersion equation dcri\'ed using fluid theory {Part I. (79)}. 

(9) 

B. For Transverse Interactions 

For transverse interactions, the dispersion equation is given by (82) in Part I as | 

£, (*: - */o) Pe, + JW„e: (k: - A-,,) PHFi + 

1 
ro^e, - sjk: - k:0)PFlli = -jeWi \.lt ■ E'^ds \(^,p\ • £>* 

where: 

10) 

J* = -e}jrApSpAd<j>fx-'- 
L    n        o      '»or (ii) 

P = -ejdp^PldPl \d<j)fx (12) 

/, ; = -/J, dt (£,+v./?,) '£L + £o <*, ^ 
<7'„     ^?, 4>, 

<7\. "/>. r?^ n^ 

;i3) 

The integration should be taken along an unperturbed orbil and /„ is the equilibrium distribution function. 

For a holloa gyrating beam, a proper /„ function can be writlcn as [4]: 

f^zr-Hr.-r^Wr^-r^) 
2*PlO 

Since Üie>- are linearly dependent on the field components, /, and Jt can be divided into four parts: 

(14) 

-4- 



where: 

A=fn+fii+fup+fap 
(15) 

Aj=-eW (16) 

■fn=-e\d< 
q\ cp, 

(1-7) 

für=-eW 
-&>        *- 

#„ «ft (18) 

/l2.=-eJ< rf/ <£^+v«0;^-'V*«,-|*j (19) 

*«        «n 2 ir 

y • = -e \dP: \PxdPx \d<tf: ±±- = -2ne \dPz \E±E±fudPl 
i    o o      '"or i    o «or 

(20) 

*«0 «0 

i   o '"or 
(21) 

•*■«       « 

J^=-2ne\dPz\^fUrdPi 

-«        o   7"n/ 
(22) 

♦«e ■? 

I      o   "W 
(23) 

Substituting the field componenl expressions (A-?)-(A-6) ofPart I f 1] and integrating in momentum spare. 

we obtain: 

',J«2*Tj^M/^\p^ <24) 
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■l»r = l7Ze' '^^.(^(".♦^-^(•'-».vj^   (25> 
•A: I K'mco. •'-= - -^-T Jfj^O'- + AV-X*. -*AA) 

(26) 

+*:A;/? ^(^^AVj] + §V'«A^-^^^-'»^J^ 
(27) 

where A' and D are defined by (27) in Part I fl]. When the efTecl of space charge is omitted, the dispersion 

equation for transverse interactions given by (82) in Part I can be rewritten as: 

O = a>-A'.r. -ror 

ft = ft, + ft: + ft,, + ft3r 

a    a' /-. 
(28) 

(29) 

(30) 

(31) 

where the detailed expressions for all eight (?-componenls may be found in (A-l) - (A-8) in Appendix A. 

IIL  Kinetic Theory of E-BeamAVave Interactions in a Corrugated MPW 

For a corrugated waveguide, the dispersion equation for longitudinal interactions is given In- 

(78) in Part I as: 

I<.(*i -*.'.>.., *J^K -Ov. - I^Ä (32) 



The dispersion equation for transverse interactions is seen from (28) above to be: 

*L£i(kL -C.,K±., +./^o^(*,J -klB,,)PHEXj + a>/i0(s3-el) 

Qu    Q,Jl 
i.s    *J Q Q2 

(33) 

l/i. 

where 

ft., = £(<?:,., + &,., +ft,,,+ &J 

(34) 

(35) 

1,11(1 ^ ■ • PHEJ ■ PBu 3It denned by (B-8) - (B-10) in Part I []]. To obtain Qu   and O, 5we need only 

replace k. by *:J and£.0 by *',„., in the relevant equations. In fact, we know that: 

*/, " *,V, =(*.." *,o (s/r.-n + ^J = 2k,0j (k - k:n) 

*j.»       "JOJ _ *:       *,o 

(36) 

(37) 

This dispersion equation can be simplified furtber if desired. 

IV. Plasma -Filled Election Cyclotron Maser (ECRM) 

For Die plasma-filled electron cyclotron maser, electrons gyrate around guiding centers with 

small cyclic orbits. The dispersion equation is given by (82) in Part I as: 

*» (*/ " *;0) Pm + MB'"! (K ~ *..».) P„F, + 

r     .      if/». <38) 

Neglecting tlie space-charge term, the main problem is lo calculate the term,   \\J„ ■ E'p(h. By means of 

kinetic theory [2], we have: 



which yields: 

(39) 

*«0 eo 

-K       n n '"nT7 
(40) 

*«r «r» 

^> =-P Jrf/\. J/y^, P#, 
-K 0 

where the perturbed distribution function is [4], [5]: 

/, = -e \dt\E\ + v x B\\Vffn = -e \dt 

<f« 

1 ■    Vk    r\ 

(E;-V^)^-(E; + 1. 
'Pitt, r<t> 

(4H 

(42) 

Tlie integration should be taken along an unperturbed orbit, and /„ is the equilibrium distribution function. 

fo = -7-rrr^P:- P^iP,- Pl0)S(Rt- R0) An px0R0 

where R0 is the radius of the guiding center of the electron beam. Since the field can be split into four 

pans, we get: 

(43) 

E„ = £„ + EfiJ + Efltr + Enretc. 

/. =/..+/„ +/„P+/,2r 

Thus. 

(44) 

(45) 

(46) 

JmrEm 4 ''ft £m + JnE'n + •'«^»ir 
+ ■'«^ «„ + JnrE'n + •/«,.Cm + Jnr

E'oxr + Jnr
E'nf) 

(47) 

f ' 



Equations (44)-(47) indicate /that the electric field of the wave is split into four components: 

Em.Eg,.Eff]r -, and E02p . Em and En are the TE-like and TM-like field components, respectively, 

while Em and E„lr are the 'TE-like' and 'TM-like' field components due to the plasma background , 

respectively. '/"n'/i:-/nr and fnr are the four components of the perturbed distribution function 

corresponding to Em.E„2.EPir -, and EPlr, respectively. J,,, and ,/,,,,, are excited by the field 

components due to the plasma background for TE-like and TM-like fields, respectively. It should be 

remembered that when plasma is absent. Jn\r and Jn:r disappear while •/„, and ./,,: remain but are 

decoupled and can exist independently. 

UTien the plasma is absent, 01 r - 0 .  For TE modes, only Em * 0 and (47) thus becomes: 

l\jfiE'ffds=\\jm-E'mHs (48) 

With PHF = PFM = O.s, = 1 -i  (38) thus becomes: 

A-,3-^n = -/-^lU,.£> (49) 

Tliis is the same as that for the vacuum ECRM case [6] and (83) of [ 1 ]. Correspondingly, for TM modes, 

only -re: * 0 and (38) then becomes: 

*/-*i--7~-°-JK-^* (50) 

Equation (50) is exactly thai given for TM modes in [4], In (40) and (50): 

*i»^-*i (51) 
c 
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while 'k]R = £SL  for JE, but *i = -^  for l'r* ~ "7?"  f°r ™'    fJm*  md Vm" ^ üie rooXs of ^ W = ° and 

•^m M = 0, respectively. 

In order to solve (38). we must first calculate (47) which requires all the listed field and current 

density components. These are presented in Appendix B. Afier substituting all those tenns into (47) and 

«hen inserting the resultant into (38). wc can then rewrite the general dispersion relation for a plasma-filled 

ECRM as: 

£Ml -A'/oKi +./*>//,.*,(*.. -*J Ci +cop0(ei-€l)(k:-k:0)P;-F\ 

TTD1 = 2*-^ "2^-^R,- 
c-y v in 

(52) 
m-li I 

where: 

A ~ 'mi + 'o\p\ + Tn2{ + Tfiipl 

Q, =<y-A-.r; -i(or 

dr i = 1.2 

4 = 
y4 

Jm{ptRr) 
l = \ 

i = 2 

(53) 

(54) 

(55) 

(56) 
I   -/„(A*,) 

where *.„ can be found from the dispersion equation given in Appendix A of Part I. All eight of the 

tedious T coefficients may be found in Appendix A at the end of this paper. Equations (52) through W) are 

the general dispersion equations for a plasma-filled ECRM. They are also valid for the vacuum case. In 

fact, when cor = 0. we get the same dispersion equation as that given in [4]. 

10- 



A. Coupled Longitudinal Interactions 

As mentioned above for an MPW, the TE and TM modes are always coupled. Transverse and longitudinal 

interactions, therefore, always coexist with each other. Tims the dispersion equation for longitudinal 

interactions in a plasma-filled ECRM should be taken into account simultaneously. The dispersion 

equation for such longitudinal interactions is given by (66) in Part I as: 

ei{ki ~k-°)PF. + ./><Y'n*2(*.. -k.D)PHB = -/<»//„£, jjJ.E'.ds + ^-L \\pE':ds (57) 

Here. J. may be calculated using kinetic theory as. 

J: - -e \dp: \PldPx fa -A- = -2ne \dP: J^M/„ + fu + /„, + fl7r )dP± (58) 
-T-.    ■   p o ,nnY -'*        o   niaY 

By integrating through momentum space, we obtain the full expressions for 

J:=J,>+J,2+J*lp+J:2P . (59) 

These are given in (B-29) - (B-32) in Appendix B. Substituting (B-29)-(B-32) into (57) arid neglecting the 

space charge term, we get the dispersion equations for the accompanying longitudinal interactions as: 

"3fc -k:oYt+Jt»/Jn£2{k, -k:n)PIK = 
rn,   n:ßj,. 

c'Y »'IO    ■/ D' n,      Q- 

,5 (60, 
»-// 

where n,, n, are given in Appendix B. (B-34), (B-35). Equation (60) is always accompanied by (52). 

From the above formulation, we can see that although the dispersion equations of a plasma- 

filled ECRM are very complicated, the structure remains unchanged. First, there arc still two main terms: 

[co - k.v. - lcor)    and [M - ky. - kor)   , just as in the vacuum ECRM case. Second, since there arc 

four parts of the wave field and four parts of the RF current, the term J./'- Eds has sixteen terms. This 
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makes .the equations very tedious, but the physical lines are still clear. Third, we can see clearly that, 

looking at the TM-like and TE-like parts separately, the structures of the dispersion equations are similar to 

that of the vacuum case. Also when the plasma is absent, the equations reduce to that for the vacuum case. 

Fourth, the most important difference between the plasma-filled and the vacuum case is that some of the 

terms associated with the parts of the field produced by the plasma background are imaginary. Diese terms 

not only make the dispersion equations complicated but also cause an instability different from that in the 

vacuum case. Finally, the most essential difference is that the ECRM interactions are always accompanied 

by and coupled with the corresponding longitudinal interactions. 

B. Interactions in a Corrugated MPW 

The above equations are for a smooth waveguide. For a periodic structure and neglecting the 

space-charge term, (38) and (40) simply become: 

I\^L-^o)PE1J 
+JW*£2(k;.,-k!0)Plli;iJ+a>p0(ei-£])(k:j-k:n)PFllls 

J 

=-H\j(OfJ0e} JM,.,  E'fisds] 

and: 

» « 2» 

(62) 

where: 

dt K,+'■.-*;,) 'J o        ';' (i        JC 
  +  
fa      &r <Tn ) 

#o 1    (T   rR 
K-r.^-[^r..^A^^ 

Similarly: 

(63) 
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Eßj ~ ^»l.i + ^IJ7.i + Efl)r., + Efllpj (64) 

.'U  ~ J\\j +.'12..< + JWp.s +Jl2pj (65) 

(66) 

Z JP*.,' £*.^ = Z 11(^1.^^.1 + ^i.Ä, + Jm^'mPJ 
+^..i^.>„ + ^,r.i^,, + 

i i 

•'flir <^P:.J + Jo\? Jlp\p.i + ■'n\p.<'■<)■:r., + •'Pi.^-n\.i + J n.i'-n.s + 'n.^'0\r:s + (67) 

^p:.r^fi:p.j -+ ^eir.s^-e\.s + ''nip.^pz.s + ^oip.i^mr.s + ^fl2p.s^ff2p7]e's 

.   -' / rf ,   -. .;, 

If only seeking the resonance term, one need   simply delete the £_,  m the equations and replace the 

arguments in J,, ■ J,,. Jm.K   by p,/f and />._,, 7?^ . Tlic.se procedures parallel those we followed to obtain 

(52).  Therefore, it is not surprising that the dispersion relation that emerges is similar to (52) where we 

271S 
replace all kz by k z $ = k 2 +  and replace An by Aj]<s. the s-th harmonic, and obtain: 

= 4,VrW,XZ^ Tu    T2J\ 

For the accompanying longitudinal interactions, we have: 

*n-e'copnex "ZZ^ Ro •k^r 

•/x-Z^ 

(68) 

(69) 

(70) 

•',., = ~e \dP: \PldPl  \(l¥\ 
P: 

l.i (71) 
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(72) 

(73) 

27TS where again  A,]s is the amplitude of s-ih harmonic and k„ = k7 +~.   For sinipIicityi in üie above 

equations one need only take (he s-hannonic. It should be noted here that when rf -* R0. an the resillts 

given here are still valid. 

V.  On the Combination of Transverse and Longitudinal Interactions 

The combination of Cherenkov radiation and the electron cyclotron resonance instability is 

presented in [7]. It is important to mention this kind of wave instability here also. From the kinetic theory 

of the ECRM and accompanying longitudinal interactions given in the above section, we can see that, if 

there is transverse electron motion, then both transverse and longitudinal interactions can co-exist under the 

condirion: 

Cl,=ü)-k: vf - kot * 0 or   Qt = co - k,t v, - koc * 0 (74) 

It should be emphasized here that the coexistence (or combination) of transverse and 

longitudinal interactions (ECRM  and Cherenkov or ECRM and BWO. for example) is one of the most 

significant features for electron beam-wave interactions in an MPW. Now, since there is transverse electron 

motion, the singularity is also at O = m - *.r. - lcor * 0 for uie coupled longitudinal interactions. 
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VI. Dispersion Equations For Transverse Interactions with an Ion-Channel Taken 

into Account 

We now turn our attention to the case of transverse interactions with an ion-channel taken into 

consideration. We refer to the simplified model depicted in Fig. lb of Part I with a defined as the MPW 

radius, R. the ion channel radius, and h the radius of the thin hollow e-beam [1 ]. Here, we only consider the 

simple condition when nt» nr 7?,•'//>*.  For this case, the ion-channel completely fills the MPW outside the 

beam so that the radius of the ion-channel. Rt, is equal to the radius of the waveguide, a.  Tin's leaves only 

two regions to consider. Region I is the ion-channel volume outside the hollow beam (h<R<a) and Region 

II is the plasma volume inside the hollow beam (R<b). The field components in Region 1 and Region II are 

presented in Appendix C   As is given in (11)-(15) in Part I, the field components in Region 1 can be 

expressed as follows: 

E* = En + £„ + ERpl + £Äp2 (75) 

£„ = £„ + Emi + £„, + £„3 (76) 

H„ = Hn + Hn + HKpl + //,„, (77) 

", = ",, + ",: + "... + "no (78) 
A A 

E .-    'T.;E    .- _JP 
PI     77   IJ     Dpi      j-)    l D D (?9) 

E«'faE+~^P* (80) 

",,=f T^H„ = ±PV (81) 

n„~±Tu,H„=±Ptt (82) 

where the fand P coefficients are defined by (C-3) in Appendix C. 

From the above equations, we can see that the field components are also split into four types: 

TE-like, TM-like. and plasma-pmduced TE-like and TM-like parts. There are important differences. The 
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amplitude of each component is connected with the others through the 7" and P coefficients (see Appendix 

C). This shows that the influence of the plasma on the wave field is strong when an ion-channel is formed. 

The beam-wave interactions, therefore, become much more complicated. 

Now we present the kinetic theory treatment of the ECRM filled with magnetized plasma with 

an ion-channe! taken into account. Since the interactions take place in the ion-channel region, simple 

mathematics yields the dispersion equation: 

(*/-Ch=-MK^ (83) 

for large orbit transverse interactions, and 

K-*;
Joh = -/ö>//0X   fj^dS (84) 

for the ECRM instability. By means of kinetic theory, we can obtain: 

f\ ~ f» +fn +fit+fu (85) 

where /„ = e[jtj[£ft + o,Bm]£s. + (£ + veBr)^\ 

.Zle 

{' = U3A/orEti.BriJ = \.2forEzl) 

We then get: 

— + V    

Finally we can substitute Ulis into (83) and get the dispersion equation for the ECRM as follows: 

(87) 
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(*t'-*f'0) = ^E 
c Y    , 

Q-fr •IV 

^ -^ 
M (88) 

where 

Q=Qt+Q:;lV = lVl+W: 

0 = -^ (*/?, ~ *.. )(•/, + prtJ] )Jm., + — - m ~ k, )(W; + PrcN] )Nm_, 
r. r 

02 = jA3/J0p(to - k,ui0)(2J', + prrJ'i)Jm., + jAAp0p(co - k:v:0)(2N] + prrN",)Nn 

«;=P: (V(^ + W^) 

H\ = j^pia)1 - ky){AyJ,Jm_, + A4N,N^) 

Ik. 
M = --^(A;j,Jm_, + AlN.N^ + jtOfi^AlJ.'J^, + A'tN]Nm.) 

(89) 

(90) 

(91) 

(92) 

(93) 

(94) 

Jl=J,(prr);Jm., = Jm-,ipRo) (95) 

where the A coefficients are derived in terms of the field and current density components in Appendix C. 

As already mentioned, there exist coupled longitudinal interactions.   The dispersion equations can be 

derived by a similar procedure. With the use of a simplified MPW model, we can very efficiently study 

transverse interactions in an MPW with an ion-channel. 

VTI. Sample Numerical Calculations of the Transverse Interactions 

We have calculated the characteristics of a plasma-filled ECRM in Section TV. This case 

serves as a good example for illustrating the nature of transverse interactions. The dispci-sion relation for the 

plasma-filled ECRM is given by (52) in Section IV using kinetic theory. Ancillary equations are given in 

(53)-(56) and the related cumbersome coefficients are found in Appendix A. 
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Several interesting points are worth noting about the plasma filled ECRM. First, for the HEo, 

mode, the dispersion curve is split into two branches; one below 0=04, (cyclotron mode), the other in the 

frequency range higher than co=o\ (waveguide mode). Since no'wave can propagate above the co=coh liner 

^ss was indicated in Part FJ therefore, for the HE0, mode, we must do two separate calculations to 

characterize these two branches. 

Second, for the branch below ro=n^ the frequency band is quite narrow and very close to the 

cut-offline CO=G\. Thus the calculation must be done very carefully. For the branch above 0=0^ we found 

that only the line of higher harmonics can touch the dispersion curve. That means that for this branch the 

ECRM can only work at higher cyclotron harmonics. Our sample calculation is given for the second 

harmonic. 

One other special feature should be pointed out before presenting the sample calculations. For 

the plasma-filled ECRM, the field depends on two eigenvalues, p, and/?;. Both/?/ and/>: are functions of 

O). Therefore, the calculations based on o> seem rather complicated. It will be much easier to do the same 

calculations based on L. Since we know the exact relation between co and L., once we get one we can 

calculate the other. In the following, we deal with L(k:= Re(/r.) + j Im(*.)) rather than co. The results 

of these calculations are shown in Figs. 1 through 6. 

Figures la and lb show the main features of beam-wave interactions in a plasma-filled 

ECRM The specific parameters used ;n this example are given in the figure captions. Fig. la shows the 

typical dispersion curves and the beam-wave interaction plot. (See Figure A-l in Appendix A of Part I for 

more complete details.) It shows that the beam-wave interaction happens at the second hannonic with the 

waveguide mode HE0I. On the other hand. Fig. lb shows the beam-wave interaction happens at the first 

harmonic with one of the cyclotron modes. It is clear from Figs, la and lb that the plasma filled ECRM 
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prefers to operate at higher harmonics. Fig. 2 shows a sample plot of the dispersion equation (for the 

imaginär}' parts of kj. It can be seen in Figs. 3 through 6 (for the imaginary part of k.) that for higher roc or 

higher ror the dispersion curves go up rapidly. This is because the group velocity of the wave approaches 

zero near the cut-off frequency. Once again, the specific parameters used for each figure are shown in the 

figure captions. Figure 4 shows beam-wave interactions for the second cyclotron harmonic (/=2). for the 

waveguide wave (HE0/ mode). Figs. 3 and 4 are for different values of the magnetic field. B0 (as reflected 

in different values of co). Figs. 5 and 6 show the effect of different plasma background densities (as 

reflected in different values of ror). It can be seen that increasing the magnetic field strength may cause an 

increase of the bandwidth and the growth rate of the interaction as well. Increasing the density of the 

plasma background, on the other hand, may at first cause an increase of both growth rale and bandwidth of 

the interaction, but then may cause the decay of both the growth rate and band width when cop is large. It is 

interesting to see that the vacuum case, fl$,=0. is intermediate. 

The figures show that the growth rate of the plasma-filled case is comparable to that for the 

vacuum case. It should be noted that all the calculations were for the same value of current density. It is 

obvious that in the plasma-filled case, a much higher current density can be used than that for the vacuum 

case. 

As was mentioned above, the longitudinal interactions are always coupled with transverse 

interactions. Longitudinal interactions may occur, in general for slow waves, therefore, for a comigated 

MPW, coupled longitudinal interactioas are always accompanied by transverse interaction waves. 

However, for a smooth waveguide, the coupled longitudinal interactions may occur either with the slow 

cyclotron mode or with plasma waves (T-G modes) and with phase velocity less than the velocity of light. 

Therefore, for a smooth waveguide, the operating condition for coupled longitudinal interactions is: 
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ö>-*,vf0-<öf *0 (96) 

for plasma waves. The frequency range is .between 0 and cop ((Kr^,).  However, for the ECRM, the 

operating condition for a second harmonic waveguide wave is: 

<y-*..v,0-2ä>f *0 (97) 

with frequency range {a»co,). This shows that the coupled longitudinal interactions occur at a different 

frequency (much lower) than that for transverse interactions. It can be shown, however, that for a 

corrugated waveguide, the cyclotron frequency for both longitudinal as well as for trance interactions 

can be the same. Sample calculations of coupled longitudinal interactions may be carried out by using (1) 

and (9) for a plasma wave. 

Mil. Conclusions 

A kinetic theory treatment of electron-beam/wave interactions in an MPW, for both 

longitudinal and transverse interactions in both smooth and corrugated waveguides, has been given in this 

paper. At least six points from this presentation are worthy of special emphasis. 

First, although the mathematical manipulations are tedious, the structures of all the dispersion 

relations are simple.     They consist of two parts,  one is proportional  to   WJi-l or 

( i ^ 

•id>- *-~ feM^fe-)fe)> ■— o' :::*■:■:':: la,,; 

This is just like that for the familiar vacuum case. 

The second most important feature of beam-wave interactions in an MPW is the coexistence or 

combination of instabilities of both transverse and longitudinal interactions. This is because in such an 
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>'S exist MPW the TE and TM modes are always coupled so that (he Eand E± field components always 

together.    Due to the transverse motion in die magnetic field, the singularity of the accompanied 

longitudinal interaction is at fi = co - kvt - lcof « 0 

The third most important feature is that in the dispersion, equations there are special imaginary 

terms. These terms are generated hy the field parts that are produced by the plasma background. These 

imaginary tenns ma}' influence die instability. 

Fourth^nly when d!ere is no transverse motion can we have purely longitudinal interactions. 

In dial case the singularity is at fi = co - *.v.t just as that for die TM mode in the vi acuum case. / 

T '^ f°rthe plasma-filIed ECRM- üie most significant feature is diat the beam-wave 

interactions are split into two regimes: eidier with cyclotron modes or with waveguide modes, due to the 

characteristics of wave propagation along an MPW. For cyclotron modes, the interaction seems difficult 

since there are so many dense modes. For the waveguide modes, die ECRM prefers to operate at higher 

harmonics. 

Finally, with the coexistent instabilities (ECRM and Cherenkov. for example), there must be 

some difference in the frequency response between the two kinds of interactions. Therefore die spectral 

purity of the output of a device based on an MPW will not be as good as diat for a corresponding vacuum 

de\ice. 
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Appendix A: Cumbersome Coefficients 

1. The eight Q coefficients for the dispersion equations (28H31) for transverse interactions in a 

smooth-waüed MPW 

£?.i =-JfJo}hPiK
7v1(o)-k.Y,){2Jm.+p.Rrrmi). 

r R, 

Qn'JfAp^'r^a'-c'k;)/^- 

*'.p;jZ*K'fj 
<■ / 

■MVf^Ki:.^;-) 

0,„ = -^M*>-*,v,)(^, + PiRtJmi). 

QnP = jMMXi*2 - *,V)• *,[k\r]jz + K2 -2L A 

Q„ = -K'lar(J„ + p.Kj_)(j( .hß,.s,)■ 

*-(*'''v-+*'f^)-^.v(*v,v:+*,'i^)' 

(A-l) 

(A-2) 

(A-3) 

(A-4) 

(A-5) 

(A-6) 

(A-7) 
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Qn, = -*,<»»,*,[(*/ " k2)PiRcJmi -mk\jm]. 

(A-8) 

2. The eight 7 coefficients for the dispersion equations (52X53) for a plasma-filled ECRM. 

*.( WT+*'; 4) -jroMoh^p;/;+*; £ y,;) 

(A-9) 

(A-10) 

(A-ll) 

(A-12) 

(A-13) 

(A-14) 

Tnp\ = -[*,Avi(*J " £2
k,kßll)(2J'li + A^) + e3k;ß,,k!a>r(J„ + /y;y,)]• 

^(^v;* ^ ^ J;) ->M*(^AV;+*;; ^; (A"15) 
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(A-16) 

Appendix   B: Detailed Terms for Dispersion Equations for 
Plasma-Filled ECRM 

1. Expressions for the Field Components in a Plasma-Filled ECRM. 

According to [4], the wave field may be expanded in the guiding center coordinate system as follows: 

f f:=ZIV„(A'-K.„.(/',.Ä,) (B-l)\ 

2        « 

*-ZZf 
(.1 /.-» ■t' 

-jkAF2» r' ±i,*L r ) . .... /.f,.:     r- . „» / 

£.=IZf 

(B-2) 

-    /' 

rB-3) 

fB-4)' 

(B-5) 

:    « 
4v/"0 *.-ZZ^ -y«ü fc*»-«,*.'W;♦*,*.'';, 

, / 
UK-M + K'-yJk,.. 

(B-6) 
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Equations (B-l )-(B-6) can be simplified as: 

E.=ZA«V..-ii 
i. 1 

(B-7) 

i.l 
(B-8) 

£r   =  £,.  + £rl  + ^M, + £3, 

", = "„ + *„ + "„, + ",*, 
(B-9) 

He = !{„ + Hn + Hmp + //fl2r 

where: 

^.-Z^fl»M^;V- 
4, 

i./  ^ 

i./   "^ 

I. /  ^ ' 

(B-10) 

i.l   L) 

^i-Z^*^2;^-. 

^-Z4MJA^^-. 
I./ ^ 

(B-ll) 
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4M, 

(B-12) 

i.;     ^ /' 

/. / D 

V = Z^J™*{*lr,S.-*!LrJ.)j^ 

l 
«'here:     /f =. 

i = 2 

(B-13) 

Equations (B-7)-(B-13) clearly show that the plasma fill completely changes (he wave field. .The ' 

' TE and TM modes are always coupled.- Furthermore, there are additional parts of the wave field associated 

,    with *; = * 3s3 that are produced by the plasma.  The wave field, therefore, may be divided into four 

parts: TM-like, TE-Iike (E&, E*, for example), and the corresponding parts produced by the plasma (£Ap, 

1 Ef^;. for example). _ J 

2.  The Perturbed Transverse Current Density Components 

Since f\ is linearly dependent on the wave field, we can write: 

f,=fn+fI2+f„p + fI2r (B-14) 
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Thus, the perturbed distribution function also consists of four parts:^, due to the TM-like part of wave field, 

fn due to the TE-Iike part of wave field, and/J lp and/;* due to the plasma-produced parts of the wave field 

that correspond to TM-Iike and TE-b'ke, respectively. 

-or 

/ 

A2=-e\dt'(E'l+vxBl) -V   f 

fnP=-^\dt'(E\+V xB\) 
—Vi 

I 

•V   f 
plnma-TE-like        P •  ° 

plnsma-nt-like        P • ° 

(B-15) 

Therefore, we have: 

Je=Jm +-T02+J9lp+Je2p (B-16) 

JS^-e\d'p-fnJ^ 

JB2=-ejd>p.fn-P±- 

J«r=-e\d>p.fUp-P± 

"J
nr 

Substituting (B-9HB-13) into (B-14) and (B-15). we can find: 

(B-17) 

^•-^^W^^ <fo <f0 

^•iirf-k 
(B-18) 
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(B-19) 

fuf"^,        D 

je Aafi0htk\ J   / 

1        - t]p. dRsd<t> j"7-* 

(B-20) 

v * r 

k£   ßik7- I        n   r)&°  ^   ■   l     #0   m* K£>Pi{kt r 
J» ~ PiJu J-z— + y — —-rp- • 

4>, 

4>„       Pe oRt cty' 
(B-21) 

*.J*.^.-^*/?«(*.J;^-*.v;) '/ m-li 

where: 

Q, =o)-kfvl-lo)e CB-22) 

The further derivation is quite complicated and tedious. In order to simplify the mathematical procedure 

without sacrificing the accuracy and completenession of the theory, in the next step of the calculation, the 

.    .,    1   dfn OR. 
term connected with ^~"^ will be neglected.   As was pointed out and checked in [4]. the 

contribution of this term is very small. Therefore, afler some mathematical manipulation, we can obtain: 

(B-23) 

CB-24) 
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Figure la. Interaction Plots for the beam with the waveguide mode HEQJ. The 
following parameters were used: 

r0 . jnorr      it • 3 7«      jr0. 0.6 

l-A  / l';,  . I.5        Sp  - 041        ii^  . 0.J 
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Figure lb. Interaction Plot for the beam with the Cyclotron mode. The following parameters 
were used: 

l0 . jnoArr        5f  . 3 7«        Ä p- 0 6 

'^  "-,.   - IS        »i     ■ 041        wb  . 0.2 
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Figure 2. Interaction of the beam with the waveguide mode for the following sample 

parameters: 
l-„   »  MO ATP H     •  IKO *  „.  06 

I'    / r;/  « 1.5        i<     • OKI        IUJ,   ■ 0.2 
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\wc=3.6 

£. 
0) 

A. = 

Figure 3. Growth rate versus t»c for the cyclotron mode for the following sample parameters: 
»'„ » soon- "p " °4'      * o- 06 
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4.2       4.4   004.8       4.8 5 5.S 

Figure 4. Growth rate versus coc of the waveguide mode for the following sample parameters: 
'„ • yoOKV <•>.  - O.tl        *•   . 06 

'l   ''//  * '•*       **   - 0.3 
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Figure 5. Growili rate 
versus o>p of the cyclotron mode for the follow 
'n ■ JonArr 

I-,   ii 

«V  ' *■»        * „- 06 
mg sample parameters: 

1  "/>  • 15       £    . 0.2 
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0.2 

0.15  - 

Cö=0.11     co=o.o 
s- V=i>üülkv Wc=l.72 

a 
ö.i 

0.05 

0 

;cop=0.41 

3.8 

ö)p=0.81 

-J I u I I 

1.2       CO       4.6 5 

Figure 6. Growth rate versus con of the waveguide mode for the following sample parameters: 
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Abstract 

Basic theoretical formulations for electron beam-wave 
interactions in a plasma-filled waveguide immersed in a finite 
magnetic field are presented in this two-part paper. 

1. The general interaction and dispersion equations of the 
longitudinal and transverse interactions in both smooth and 
corrugated magnetized plasma-filled waveguides are 
formulated. The resultant equations are then applied to 
examine the specifics of plasma Cherenkov radiation, the 
plasma-filled travelling-wave-tube/backward-wave-oscillator 
(TWT/BWO), the plasma-filled electron cyclotron resonance 
maser(ECRM) and many types of beam-wave interactions 
including those involving ion-channels. 

2. Some possible new interactions in a magnetized plasma- 
filled waveguide that do not appear in previously published 
papers are proposed. 

3. A detailed discussion and analysis of the physics of the 
important role of the plasma background are given in the paper. 

4. It is pointed out that in a magnetized plasma-filled 
waveguide, there are a lot of interesting features of beam-wave 
interactions, two of them are most essential. One is that the 
transverse interactions are always accompanied by the 
longitudinal interactions. The other is that the magnetized 
plasma itself is strongly involved in the interaction mechanisms 
via an additional component of the field. 

This paper consists of two parts. Part I presents general 
theoretical formulations of electron beam-wave interactions in a 
magnetized plasma waveguide using only a fluid model for both 
the plasma and beam. Part II extends the analyses of these 
interaction by retaining a fluid treatment for the plasma-fill but 
substituting a kinetic theory treatment for the electron beam. It 
continues further to include a detailed treatment of the physical 
effects of the ion channel that is formed in the plasma by an 
intense electron beam. In both parts of the paper, sample 
numerical calculations are presented in both parts in order to 
illustrate the physics. 



Part I: Fluid Model of Electron Beam-Wave 
Interactions in a Magnetized Plasma-Filled 

Waveguide 

I. Introduction 

The goal of Microwave Electronics: To find ways to create 
improved microwave devices which can provide higher output power 
with higher efficiencv. 

Some fundamental limits: One of the most important limits is the 
space charge effect.    Busian Instability. 

The most promising approach: Plasma fill.   Pierce instability 

New results given in this paper: 

(1). Magnetized plasma filling strongly changes the behaviour of wave 
propagation in waveguide, TE and TM modes can no longer exist 
independently, instead, there are EH and HE hybrid modes. Also, there are 
two eigen-values and two corresponding eigenfunctions instead of only 
the one that exists for the vacuum case or for the cases where magnetic 
field Bo=0 and Bo->°o), so the field components are: 

E^A^toRHA.J.Cp.R) (1) 

H2=A1h1Jm(p1R) + A2h2Jm(p2R) (2) 

Therefore, the field pattern, the cut-off frequency (thus the wave number) 
and the dispersion relations are all changed. It is clear, that we could not 
use formulations based on the TE mode or TM mode alone, if we want to 
know the contribution of   magnetized plasma fill. 



(2). The magnetized plasma background not only strongly changes the 
behaviour of wave propagation but also strongly changes the 
character of the beam-wave interactions. Since the TE and TM 
modes are always coupled, Ez and El always exist simultaneously. If 
the electron beam has both longitudinal and transverse components of 
motion, it is inherent that in a magnetized plasma filled waveguide, 
the longitudinal interaction (JZ~EZ) and the transverse interaction 
(J: -E.) are always present together. This implies that Cherenkov 
type and TWT/BWO type interactions are always accompanied by 
ECRM and/or gyro-peniotron type interactions. 

(3). The magnetized plasma background itself is deeply involved in the 
beam-wave interactions. Moreover since there are varieties of waves 
that can propagate along a magnetized plasma waveguide, it is 
obvious that there must exist some kind of coupling among waves 
through the electron beam. This coupling may lead to some 
instabilities. For example, parametric coupling may result in 
instabilities. The study of this kind of instability has been presented in 
[30], however, it was again based on the TM mode without taking into 
consideration the fact that the TM and TE modes are always coupled 
together. 

(4). The dispersion characteristics of wave propagation in circular 
cylindrical magnetized plasma waveguide is shown in Fig.l. The Fig.l 
shows that there are at least three kinds of waves that can propagate 
through the magnetized plasma waveguide: plasma waves; cyclotron 
waves; waveguide waves. AH these waves are electromagnetic waves, 
all of them can interact with electron beam. 
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Fig. 1 The typical dispersion curves with BQ=0. 175T (oc/a)p=l. 86), 

o) p=l. 85 X 1010s-1, R=l. 5cm. 
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II. Field Equations in Magnetized Plasma Waveguide 

Permittivity tensor: 

* £\ 

-J£2 
0 

£ = 

J*2 0" 
£\ 0 
0 *3 

The field components: 
Ez ~ 2-,^i^nii 

i 

Hz=T,A'hiJnii 
0-1.2) 

(6) 

(10) 

ER = ER\ + ER2 + ER\p + £*2/> 
Eq> ~ Epl + E<p2 + E<p\p + Eq>2p 
HR = HR\ + HR2 + HRlp + HR2p 

Hq> - Hq>\ • Hy-i + H9\p + E9lp 

(11) 

The subscripts 1 and 2 denote the TE-like and TM-like part, respectively, and Ip and 
2p denote the plasma produced TE-like and TM-like part, respectively. 

For the corrugated waveguide: 

E2 = 'ZE:,seJ^~k'jZ~""p} 
s 

So for the ER) E^, BR and B„. Where: 

k    =*  +^. ZJ      KZ ^   r (5=0, ±1,  ±2, ...) 

(16) 

(17) 

All the plasma produced field parts are proportional to kg =k2s2. So, when the 

plasma is absent, or the magnetic field B0->0 or B0-»a>, we have e2=0, these field parts 
are vanished. And for the vacuum case, e2=0, ei=s5=l, we have TE and TM modes 
independently, and the TE-like and TM-like fields automatically become the fields of 
TE and TM modes, respectively. 



III.    General   Equations   Governing   Electron   Beam-wave 
Interactions in Magnetized Plasma Waveguide 

Maxwell's equations can be written as: 
V x E = -JG>PQH 

V x # = JCOSQD + J 

V-D = p \ (21) 

D= £Q£ -E 

V-2? = 0 

Then from eq. (21), we can obtain the following two sets of equations: 

A. Interaction equations expressed in terms of longitudinal 
fields: 

From eq. (21), we get: 

Where: 

V | £, + a£, =bH, +jü)ßnJ, -         p (22) 

V]_H, + cH2 = dEz-{Vxj)   -^p (23) 

a = l-kz +k sAei 1 E\ 

b = jkzü)fiQe2l S\ 

c = -kl+k1\e\-s£\lel 

• (24) 

d = -jk:co£0s2s^lei 
The transverse field components may be found from Ez and Hz: 

= ±[-jkzK
2V±Ez + (o^k2^LHz-kzk

2V1Ez *ez 

-JO){IQK
2
V±H2 *ez +JO}^QK

2
J1 +Q)/u0kgJ1 xez\ 

H, = 
D 

-G)e0e2kz V±EZ -jkzK
2V±Hz -jcos0(k2s2 -K

2s^\VLEZ xe. 

-kzk
2V±Hz xe, +k2k

2J± -jkzK
2J± xe,] 

(25) 

(26) 

Where: 
K2 = k2e,-kz; k2=k2s2;     D = KA-ki; k2=co2e0ß0 

(27) 
Eq. (22) can be used to study longitudinal interactions, plasma Cherenkov 

radiation devices for example, while eq. (23) can be used to study transverse 
interaction, electron cyclotron maser with plasma fill. 



B. Interaction equations expressed in terms of transverse fields: 
The beam-wave interaction equations can also be expressed in terms of the 

transverse field components: 

*2f      k2[£l-4)-k}s2          jkzaMo£2 -                 (e3-ei)        . 
V±^ + ~ E± = —#L +k:co/J0

LJ -e, xH, 
fcl ^1 £i ' 

B\ £0S1 

and: (36) 

ViA +(k2£3-i'})üi_=-fi1a>£(,e2E± +kIoe0(s3 -*i)?r *£± -(Vx J) 

Then E, and Hz can be written as: 

Ez= 
J— \(VxH±).ez-Jz] (38) 

_    j Hz=^PxEJi* (39) 
Eq. (40) has been used for the kinetic theory of ECRM with space charge taken into 
consideration. Equations (38) and (39) remain unchanged. 

The above obtained general interaction equations may cover almost all kinds of 
interactions in a smooth waveguide with and/or without plasma fill. Which interaction 
equation is preferred to be used depends on the specific case and the convenience of 
the author. 

It should be pointed out at this point that, because the TE and TM modes are 
always coupled to each other, the longitudinal and the transverse interactions are also 
both present if the transverse electron motion is existent. 

IV. Beam-wave interactions in A corrugated magnetized plasma 
waveguide 

Wave propagation along a corrugated magnetized plasma waveguide has been 
studied       '. According to Floquet's theorem the fields should be expanded: 

s 

Where: 

(46) 

kzj=kz0+— (47) 

L is the spatial period, and s is the spatial harmonic number. 
We can also find the interaction equations expressed in terms of longitudinal as 

well as transverse field components. 



A. Longitudinal fields expressions: 

X(v]_£z,, +aE:.s) = Z[bs^s +JeVoJv "^^J 
S o 

2(v2^ + csHSJS) = TUSE:.S "(V x Js)z -^ps 

(48) 

(49) 

Where: 

(50) 

«j=(-*L+*2*l)*3/*l 

C,=-Ä2
2.,+*2(«J-^)/ffi 

ds=-jkSJ(oe0e2S2lsi 

The transverse field components £_L^ and //j_5 may be found from eq. (25) 

and eq. (26) only need to replace k2, K2, D and Jx by k*.,, K2, Ds and J±.s, respectively. 
Where: 

K: s - k  si - kz s; Dz.s - %z.s ~ kg (51) 

Eq. (48) can be used in plasma filled devices like the TWT and BWO, and eq. (49) can 
be used for a plasma filled ECRM in periodic system. 

B. Transverse fields expressions: 

*i 
E±,s = Z 

S   L. 

jkzG)li0£2 

*1 
H±j +JVMoJ±,s + 

kz.sWo (£llfl)e-r xffu_<2t^Lez xJls +YAP± 
EQ£\ 

(58) 
and: 

Z[V:HiJ+(k^3-ki,)H,,] = 

£[-jkt,<ü£0*,E,., + kt(oe0(e3 - £x)tz x E1-s -(v x J,)x J       (59) 

The longitudinal field components E^, and   Hu can be found by the same replacement 
mentioned before. 

The interaction equations obtained above can be used for linear and non-linear 
beam-wave interactions in general cases including both vacuum and plasma fill. It 
should be also pointed out that the longitudinal and transverse interactions are both 
present also in a periodic structure provided that transverse electron motion exists. 

8 



V. Dispersion equations of electron beam-wave interactions 
in magnetized plasma waveguide by means of fluid 
theory 

Based on the interaction equations given in the last section, the dispersion 
equations of different kinds of beam-wave interactions in a magnetized plasma 
waveguide can be obtained. 

A. Dispersion equations of longitudinal interactions: 
From eq. (22), we can get the following dispersion equations: 

£l(kl-k:o)PE +ja>ßo£2{kz -kz0)PHE=-jü)MoElIJJzE*zods + — \lpE*ods 

(66) 
Plasma Cherenkov radiation devices are typical longitudinal interactions. 

From eq. (22), making use of the continuity equation and by means of a fluid model for 
the electron beam, we obtain 

Jz    J(       ,       ^2hz (68) 

We can write the dispersion equations (66) as: 

Where: 

^[kz -^oJPE +jO}Mo£i(k2 -kz0)PHE = i 11PE 
(a-kzv0) 

PE=jJEz.E:ods 

PHE=\\Hz-E*Qds 

The solutions of eq.(69) can be obtained easily: 

k, =-^ =—[-JVWIPHE ± {-®
2

MO4PHE + 

(69) 

(70) 

*3 
0), 

{a>-kzv0f 

6)\ 
S3 + 

(co-kzv0) 
PE 

,2     n tolsxk2 

*z0*3^£ + J<»Moe2PHEkzO + ~ : 
(a> - kzvoy 

■PE 

V2 

From eq. (72), we can get the instability criteria for plasma Cherenkov radiation: 
(72) 

e3 + 
co\ 

(o)-kzvQy 
Pi 

2        1 
,2 PHF fflffir 
k2os3+jafxoe2-^-kZQ+      ° 

(a)-kzv0) 
<<o1n\e\p}iE 

(73) 



B. The dispersion equations for TWT/BWO 

In a TWT or BWO, a corrugated waveguide is often used. From eq. (48), 
we obtain: 

'Z[£^(kls-kzQ.s)PE,s + 7^0*2 (*z.s -*r0.s)^//£ 

-jcofiioS] IT JzE*0ds+—Z-ttpE*0ds 

and eq. (77) can be momodified as 

Z[£3(^25 - kzO,s)PE,s + J^M0£l{kz,s -kzQ.s)PHE,s  =Z 

(77) 

"l^-kh) 
— 0-^ 

{®-kz.svo) 

(78) 

C.   The dispersion equations for transverse interaction: 
A typical and very important transverse interaction is that found in the 

ECRM, now we deal with this interaction with a plasma fill. From eq. (36), the 
following dispersion equations can be obtained: 

£3{kz ~ klo)PE, + J^M0£
2(k2 ~ kzo)PHEx + <^o(*3 " £\){kz " kzo)PEH1 = 

-jO}/J0£\jjJ±-E*±0ds JJ(Vip)1 -E*LOds 
£0 

(82) 
In corrugated waveguide, eq. (82) should be modified as: 

li\£-i{kh ~ klo)PE^ +JG)Mo£2{kz^-kzo)PHE1.s+^M£3-£l)(kz^-kzo)PEH^ 

=-z 
S   L 

JW0£l$j3±j • E*10<sds + — jj(V±p)± ■ Elo,s* 
£0 

(85) 
Now some important points should be mentioned. These are: 
1. According to eq. (9)-(14), each field component is split into four parts, 

and correspondingly, Jz and 7X are also divided into four parts. 

2. Therefore, each of the intergration PE, PE±, PIIE, PHEI,   ff Jz • E*:i)ds 

and   ^Jy-EyQds   has   16  terms.  It  makes  the  interaction  and  dispersion 

equations very complicated. 
3. Because of the coupling of TE and TM modes, the Ez and Ex are always 

exist simultaneously. Therefore, we always have transverse and longitudinal 
interactions accompanied. This is the most inportant feature of the beam-wave 
interactions in magnetized plasma waveguide. 
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VI. Some new interactions that may occur in a magnetized 
plasma waveguide 

A. A possible new interaction 

There exists a special kind of wave family that can propagate in a 
magnetized plasma waveguide in the frequency region: (a>p<a><ac or 

coc < co< cop), called the cyclotron modes. In particular, some of these waves are 

inherently backward waves (negative dispersion). So we may possibly have 
discovered a new interaction mechanism with the cyclotron waves. Also with the 
backward wave, we can construct a new type of BWO without a periodic 
structure. 

The formulations of beam-wave interactions with cyclotron waves are the 
same as those have been given in the above sections. 

In principle, the slow cyclotron waves may also be used as pumping wave 
for parametric excitation. 

B. A new hybrid ion-channel maser 

2/c 
1 + 

*>c0    J 

C. Parametric coupling excitation 

There are varieties of propagating waves in a magnetized plasma 
waveguide. It is natural that, when the driven electron beam is present, there 
must be some coupling between/among waves, and the coupling may lead to 
some instabilities. In {14], for example, a parametric coupling excitation was 
presented. It is suggested that the TG mode parametrically couples with a TM 
mode to excite a negative energy beam mode. The beam mode feeds energy into 
the positive energy TG and TM modes giving rise to an explosive instability. 

In the magnetized plasma waveguide, actually, the mechanism is modified 
from that given in [14]. Here the TG mode should parametrically couple with 
either the EHm„ or HE™ mode, or even with one of the cyclotron modes, and then 
excites the electron beam. Now there are two transverse wave numbers pi and p2, 
so the excitation condition shoud be modified also. 

Considering the varieties of waves that can propagate in a magnetized 
plasma waveguide, the formulations become much more complicated, some 
results will be given in another paper by the authors. 
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VIII. Discussion and analysis 

1. Physically, the cyclotron motion of the background plasma electron 

plays a very important role. Because of it, we have s2 = - ——r- * 0 (see eq. 

(5)), and it causes first, the coupling between TE and TM modes because of 
b*0 and d*0. Secondly it produces the additional parts of the wave field 
components associated with kg = k2s;. These parts of the wave field are 
directly involved in the beam-wave interactions. 

2. The field patterns in a magnetized plasma waveguide become much 
more complicated than those in a vacuum waveguide. Due to the magnetized 
plasma fill, the field structure is completely changed. There are two eigenvalues 
and two corresponding eigenfunctions, the filling plasma produces the 
additional parts of the wave. Therefore, all field components for example, E<p 
may be divided into four parts: E„ = E„, +E,2 + E(plp +E„Ip. Where E<pi is 

produced by Hz = AIh,Jm(p,R)+   A,h,Jm(p,R) and is called the TE-like part. 

E<p2 is produced by E, = A\Jm{p\F()  +A2J„,(p2R) and is called the TM-like 

part. E^ip and E<p2P are due to plasma background in addition to the TE-like part 
and TE-like part, respectively. All these parts are involved in the beam-wave 
interactions. 

This field complexity certainly will strongly influence the beam-wave 
interactions. Correspondingly, we have the RF current density: 
K = hi + J<P: 

+ J*.P 
+ W md K = J* +J* +Jz.p + Jz:p (See part II of the paper). 

The beam-wave interactions mainly depend on the term \\JE ds. 

Therefore, the    interactions    are    much    more    complicated    as: 

JJ-TL '^i*~\\J(P'E9^ = JJ(^1^1 + J<plE<p2 + Jq>\E<plp + Jq>\Eq>2p + Jp\p£<p\ ^JqAp^qfl 

Jpl/?£<plp+J<pipE*!p +Jq>lEq>\ +J(plE(p2 +J<p2E<p\p +J<p2E<p2p +J(p2p^tp\ 

+J<p2pEp2 + JV2pEplp+Jp2P
Ep2pys- Likewise for JjV. -Elds. Since the 

\\ J± • E±ds   represents  the transverse  beam-wave  interaction,  and  since 

\\j:-E*ds represents the longitudinal beam-wave interaction, since both E, 

and Ez are always existent, we can see clearly that the transverse interaction is 
always accompanied by the longitudinal interaction. So the beam-wave 
interactions in a magnetized plasma waveguide are much more complicated and 
richer than that in the vacuum case. 

3. The instability of longitudinal interactions and that of transverse 
interactions may or may not occur in the same frequency. The instability will 
be enhanced in the case where they occur at same frequency. In the case they 
occur in a different frequency, a spurious spectrum will   occur. 
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IX. Conclusion 

The basic theory of electron beam-wave interactions in a waveguide 
filled with plasma immersed in a finite magnetic field has been presented in this 
paper. The interaction equations and dispersion reations for both longitudinal 
and transverse interactions in magnetized plasma have been formulated. These 
equations cover almost all kinds of beam-wave interactions. They can also be 
used for parametric excitations that may exist. The interaction equations can be 
used for both linear and non-linear waves, and the dispersion relations can only 
be used for the linear case. The theory given in this paper is valid as long ain 
property of the plasma background is not distorted, that is as ong as the 
background plasma can be described by the permittivity tensor as in equations 
(6)-(8). From the formulations given in this paper, the following results can be 
obtained: 

1. The importance of the background plasma is: (1). The electron 
gyrating motion of the background plasma couples the TE modes and TM 
modes. They are always coupled to each other. (2). This coupling generates the 
hybrid HE mode and EH mode. Besides, because of the magnetized plasma, 
there are varieties of modes propagating along the waveguide. (3). The 
background plasma itself is involved in the electron beam-wave interactions by 
producing the additional parts of the wave that depend on the gyrating motion. 
Thus, the magnetized background plasma makes the electron beam-wave 
interactions much more complicated and rich. 

2. Since the TE and TM modes are always coupled, in plasma-filled 
microwave devices, therefore, there are no pure transverse interactions. 
Likewise there is no pure longitudinal interaction, if there is any, even small, 
transverse electron motion, there must be some transverse interaction. It is 
inherent in a magnetized plasma-filled waveguide that the transverse and 
longitudinal interactions are couped. 

3. Since there are varieties of waves in a magnetized plasma waveguide, 
when the electron beam is present, coupling between/among waves may happen. 
The low frequency plasma modes (TG modes or even cyclotron waves) may 
serve as the pumping wave, and parametric excitation may be obtained. 

4. There is a special kind of wave family in the frequency range: 
(CDP <co <coc or oc <©<©„), called cyclotron modes. The waves in this family 
are all electromagnetic waves. They can interact directly with the electron beam, 
since their phase velocities may be less than the speed of light. In particular,' 
some of the cyclotron waves are inherently negative; they are backward-wave 
naturally. The inherent backward-wave even may be used for building 
backward-wave oscillators without periodic structures. 

13 



5. The instabilities caused by longitudinal and transverse interactions 
may lead to two cases: (1). If two instability mechanisms occur at the same 
frequency or in the same frequency band, if it is properly adjusted, the 
instability will be dramatically enhanced. (2). If two instability mechanisms 
occur at different frequencies or frequency bands, then, spurious 
oscillations may occur. 

6. The coupling between TE and TM modes in the waveguide, and 
the intensity of the interactions due to the participation of the plasma 
depend on the plasma electron gyrating motion and the plasma background 

density, and is proportional to the parameter kg = k:e, = -k2 ;-, £, = —L, 

T = —. It is clear that adjusting the magnetic field and the density of the 

background plasma is important for the design and operation of the plasma 
filleddevices. 

7. For the plasma filled case, ECRM is prefer to operate at high 
harmonics.      <y-kzvz -1üJC = 0,    1>2. 

8. Theoretical predictions show that: in general, the frequency 
spectrum and the spurious output of plasma filled devices may not be as 
good as that of vacuum devices. Perhaps, that it is the price that we must 
pay for enhancing the output power and efficiency of microwave devices by 
means of plasma filling. 
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Part II Kinetic theory of Electron Beam-wave 
interaction in magnetized Plasma Waveguide 

I. Introduction 

In this part of the paper, the kinetic theory is used for analyzing the 
electron beam, while the plasma background is still treated by fluid theory. 

II Kinetic Theory of Electron-beam-wave interactions in 
uniform magnetized plasma waveguide 

A. longitudinal interaction 

The dispersion equation for longidudinal interaction is : 
*3 (k: ~ k;Q )PE + ja>M0e2 (*. - k:0 )PHE = 

Jj:-E:ods + ^jPlE:ods (1) 
£

0 

-jo)p0e 

Where/, and /?, are going to be calculated by using the kinetic 
theory: 

J; = -e\f. -^-dp (2) 

P\ = -e\f\dp (3) 

/, is the perturbed distribution function. The integrations should 
be completed in momentum space, according to vlasov theory. In this 
case it can be written as: 

/,.-.]*,%-*■.-J&-&. (4) 

Where /0 is equilibrium distribution function, if the transverse 
motion is not taken into consideration, f0  can be chosen as: 

/o=^M/>. -PJQ(RC-R) (5) 

After integration in momentum space, the dispersion equation for 
longitudinal interactions can be obtained : 

(ö>-*.-v.-..)" 

Which is the same as the dispersion equation derived through fluid 
theory. 
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B. Transverse interactions 

For transverse interactions, we have: 

J», = 2^I jfM0hS;ma>c^^(2Jmi +PiRcJmi) 

(10) 

(11) 

n2 

-Ä^L(*sffl^mfl,e(ffl -1) + £>(**. - *,c2))j/0^ 
(12) 

+e,k\ß„Kla>e{Jm+piRc^)]+^kto>cocß1[(k2 -*;)/>A«4 -nik\jÄfJp 
(13) 

Where the space charge effect is neglected.    The dispersion equation for 
transverse interaction can be obtained as follows: 

*j(*,2 " *'oK± + JWt>e2(kt - k:0)PHEL + ü)M0{e3 - sl) 

C      ™X0     '    ^ Q    n2 
(14) 

Here the dispersion equations (14) can be used for large orbit cyclotron 
masers. 
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III. Kinetic theory of Electron Beam-wave interactions in a 
corrugated plasma-filled waveguide 

Longitudinal interaction: 

,       (ä>-^v.0)- 

(26) 
Transverse interaction: 

I*-., "^J^V, = ^2e2n0ü)MosX-fRt 
i.s   LJ 

(27) 

(28) 

IV. Plasma -filled Electron Cyclotron Maser(ECRM) 

For the plasma- filled electron cyclotron maser, with electrons 

are gyrating around a guiding center with a small cyclice orbits, the 
dispersion equation should be: 

öVO(*3 "*iX*, -*,o)V =-J(OM0elije •E'gods-—\(viP)g .E'gods 

(32) 

(33) 

(34) 

where: 

w0r -»0 0 

P = -ejdPjjPldPxjd^ 
-ct> 0 0 

where the petrubed distribution function is: 

/, = ~e \dt fa + v.AJ #± + 1* Ms 

A>e    eRg %>„) 

^:^)f-(^+^-^ff 
(35) 

The integration should be taken along an unperturbed orbit, and /0 

is equilibrium distribution function. 

/o = 
Ih 

tx'PioK 
■SiP.-PaWtPi-PLoWRt-Ro) (36) 
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where RQ  is the radius of guiding center of electron beam.   Since the 
field can be splited into four parts,   we get: 

Ee = Eg, +Eg2 +£3, + EB2p,etc. 

fi=fn+f\2+fn,+fi2, 

•J0 — Ja\ + Jcr> + Ja\ „ + J1 'B\ 92 '9\p ^°62p 

(37) 

(38) 

(39) 
Thus,   we get: 

JJjg-E'gdS = \\(jnE'n   + JnE'n   +JmE'glp   +J<nE'g2p+JglpE'gl   + Jg^g,   + Jg^gyf  + 

^e]pEe2p + Je2^-e\ + ^02^02 + ^82^-e\P + ^82^e2P 
+ ^«/»i + ^e2P^e2 + ^e2p^e\p + ^e2p^B2p) 

(40) 
Equation(51)-(54) indicates that the electric field of the wave is 

splited into four components: EguEg2,Eeip and E62petc., Egx and E^ 

are the TE-like and TM-like field components, respectively. EgXp  and 

E62p are the field components due to plasma background corresponding 

to TE-like and TM-like, respectively. The /n./u./n, and fxlp are the 

four components of perturbed distribution functions corresponding to. 

Ee\>Ee2>Ee\p and Eg2petc., respectively, and Je\,Jg2P are those excited 

by the field components corresponding to that due to plasma 

background for TE-like and TM-like fields, respectively. It can be 

remembered that when plasma is absent, JgXp and Jnp disappear, J6] 

and Jgi are left but they are separated and can be exist 

independently. 

After a proper and long mathematical manipulation, we can obtain the 

dispersion equations of the plasma-filled ECRM as: 

where: 

and: 

) 
HEX. 

7J ZJl 
= 2n-i 

a>:  aw:, v A;, 
-2.7^ 

r vxo uD2 * In,    nf 

A ~ *6U + ■'«If»! + *82l + *02 p\ 

*2 =  ■'«12 + *Blp2 + •'«2 + *92p2 

Q, =co-kyt-lcac 

r«-'< 

(45) 

(46) 

(47) 
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B.CoupIed longitudinal interactions 

As mentioned above in a magnetized plasma wave guide, the TE 

and TM modes are always coupled, the transverse and longitudinal 

interaction, therefore, are always accompanied by each other. So the 

longitudinal dispersion equation should be taken into account 

simultaneously. Now, the J.  should be calculated by means of kinetic 
theory as. 

-oo   0        0     nJoV 
oo  a. (08) 

-oo   0 m0( 

After integration along momentum space,  we can obtain the dispersion 
equations: 

*>{*? -k'o)PE +Jo>M0e1{K-k:o)PHE = 2*4-—- 

n, n2^^l|y 
(6o) 

LQ,  n? 
n,,n2 are given in Appendix D. 

From the above formulation, we can see that: 

1. Although the dispersion equations of plasma-filled ECRM are very 

complicated, the structure remains unchanged. There are also two main 

terms :(a)-ky,-lwe)~i  and (a>-ksvt-lae)~2  terms, which are very 

familiar in the theory of ECRM in vacuum case. 

2. Since there are four parts of wave field and four parts of RF 

current, so the term \J-Eds  has 16 terms. This makes the equations 

very tedious, but the physical lines are still clear. 

3. We can see clearly that, looking at the TM-like and TE-like parts 

separately, the structures of the dispersion equations are similar 

with that in vacuum case. And when the plasma is absent, the 

equations reduce to that for vacuum case . 

4. The most important differences between the plasma-filled one and 

the vacum case are that in some of the terms associated with the 

parts of field produced by plasma background, there is the imaginary 

sign j, These terms not only make the dispersion equations 

complicated but also cause an instability different from that in the 
vacuum case. 

5. The most essential difference is that the ECRM is always 

accompanied by and coupled with corresponding longitudinal 

interactions. 
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C. Corrugated waveguide 

The above equations are for a smooth waveguide. For a periodical 

structure, we have: 

(66) 

and: 

Similarly: 

co   oo      2JT 

Je,s = -e\dP:\Pj.dpL \dgu 
-to   0 

Pe 

™0r 
(67) 

J\.s = J\\,s + J\2j + J\\pj + J\2pj 

(69) 

(70) 

J e.t ~ Je\.s + J&2.,s + Je\p,s + ^eipj (71) 

/ , JJ «V*' -k«./" - ^j JJ Yeu^eu + ^e\.s^02.s+ ^eu^Je\p^ +^B\^B2p,s+ ^e\p,t^e\^ + 

^mpj^ezj + ^e\p^e\pj + ^expj^eip^ + ^B2.S^B\,S
+ ^B2J^62J

+ ^B2j^e\p,s+ 

^B2.t^B2p.t + ^Blpj^BU + ^B2p,i^62a + ^S2pj^Bipj + x'82p,s^JB2p^)"S 

(72) 

If only taking   the resonance term,  we just need to delete the £   in 

the equations and replace the arguments inJn,Ju,Jm.u     by Pi.A 

mdPlJ,Rg. 

For the accompanied longitudinal interaction,  we have: 

C2   7^10 

n u <*, 
■\J, m-fi 

(73) 

It should be noted here that when re—>R0,  all the results given 

here reduce to that given in section II and III. 
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V. On the combination of Transverse and longitudinal 
Interactions 

From the kinetic theory of ECRM and accompanied longitudinal 
interactions given in above section, we can see that, if there is electron 
transverse motion, both transverse and longitudinal interactions can co- 
exist under the condition: 

or 
Q; = a>-k.v. -lo)c «0 

Cls = eo-k.fSv. -lcoc «0 

It should be emphased here that the coexistence (or combination) of 
transverse and longitudinal interactions (ECRM and Cherenkov or 
ECRM and B WO, for example) is one of the most significant features for 
electron beam-wave interactions in magnetized plasma waveguide. Now, 
since tlire is electron transverse motion, the singularity is also 
n = co - ky. - la>c * 0, rather than that given in [8]( co - ky. * 0) for coupled 
longitudinal interactions. 

VI   Summary 

Kinetic theory of Electron-Beam-Wave interactions in magnetized 
plasma waveguide, for both longitudinal and transverse interactions in both 
smooth and corrugated waveguide have been given in this part of paper, 
the following   points are significant: 
1.Althrough the mathematical manipulations are tedious, the      structures 
of all the dispersions are simple, they consist of two parts, one is 

proportional to 
1 ■\ 

Sim. 

or to?. ( or 

!orUv 
1 1 

( or 
f   !   \f 

n. ,,) to,,. 
), another one    is to 

toü,,/to?.J )    , It is just like that is    familiar in 

vacuum 

2. One of the most important features of the beam-wave interactions 
in magnetized plasma waveguide is coexistence (simulate existence) or 
combination of both instabilities of transverse and longitudinal interactions, 
it is because that in such plasma waveguide the TE and TM modes are 
always coupled so the Ez and EL field components are always exist 
together. Because of the transverse motion in magnetic field, the 
singularity of the accompanied longitudinal interaction is 
Q = Q)-k.v.-lct)c*0. 
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3. Another one of the most important features is that in the 
dispersion equations there are special terms that contain imaginary 
signQ") , These terms are generated by the field parts that are 
produced by the plasma background., these imaginary terms may 
bring   influence on the instability. 

4. Only when there is no transverse motion, we can have pure 
longitudinal interaction, and the singularity is now Q = co-k,v:<) as that 
for TM mode in vacuum case. 

5.With the coexistent instabiIities(£CRM and Cherenkov, for 
example),there must be some difference of frequency response 
between the two kind of interactions, spectrum purity of the output of 
the device base on the magnetized plasma filled waveguide may not as 
good as vacuum ones. 

6. For a plasma filled case, the ECRM prefers to operate at 
higher harmonics (1^2). 
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Longitudinal Interaction: 
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Hybrid Ion-channel Maser: 
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Plasma Filled ECR Maser: 
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A New Hybrid Ion-Channel Maser Instability 
/ 

A*-* 

Roben J. Barker * ,   Liu Shenggang** 

Abstract: A new hybrid ion-channel maser instability, in which the electron cyclotron 
maser instability mechanism and the ion-channel instability maser instability mechanism 
are comb.ned. ,s proposed and studied. The features and the dispersion equation of the 
new maser are given in the paper with detailed discussion. 

I. Introduction 

An ion-channel can be formed due to either intens laser beam or relativist electron 
beam injection. Based on this effect, varieties of ion-channel lasers' and ion-channel 
masers   instabilities have been presented and studied [l]-[5].Now a new instability " 
scneme is proposed, in which the ion-channel maser instability and the electron cvclotron 
maser instability are combined. Theoretical analysis and the dispersion equation of the 
new instability mechanism are given in the paper. It shows that this new hybrid ion- 
channel maser instability has some interesting features. 

II. Analysis 

In an ion-channel, the force affecting the electron motion is 

It is a centripetal force, we get the cyclotron frequency as 

05 = 0i/2?o.        or=- 
e n. 

"k^o 

(1) 

(2) 

", is the ion density and }0 is the relativistic factor of the electron beam. Almost all 
electromagnetic instabilities of ion-channel laser" and maser' are based on equ p) 
It there exists an axial magnetic field B , we have a combined force: 

F = F+F.=- 
e n. 

R + \e\BoVg (3) 

Ji shows that both F,    and Fm    are centripetal force. Then we get the electron cvclotron 
frequency: 

***     ortiuvttd    <xt   24-tk    Int.Conf.   <97i   /R,MMW ,   Mmvtm. cA .USA 
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-to 

1   '   irrf*^ 1 + i3ä 
V 

6;, vo 

Where     o>   =]£& CO 

When   6; _ » 

(4) 

a„ , we get co0 = coc = °>V , when a; » «£ , we set co0 = ^vC— 
• / 4-7   ' 

The former one is the base of Electron Cyclotron Maser instability, the ?ö'/: energy 
dependence of which is ?-« , while the second one is the base of ion-channel maser 
instability, the energy dependence is };* [ 3 }.Now equ (4) shows ^ for ^ ngw hvbrid 

one , the energy dependence is not >"', nor >;* , it is a new interaction scheme       " 

HL Dispersion Equation 

By using the fluid model the following dispersion equations of the hvbrid ion-channel 
maser instability can be obtained: 

P J      * * D 

Where 

PE 

,co: 

) 
(5) 

& = cc-k.nv_n-ccn \-0\-0      "'o 

/? = ^L 

(6) 

(7) 

/ =H«|fe+Vo x5,)/?0^=. 

A. 

(8) 

(9) 

A=r,;a4 

Where /    is the force due to the electromagnetic wave field: 
(10) 

/HHfe^«**,) (11) 
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Substituting the field expressions into the above equations we can get the complete form 
of the dispersion equation. K 

IV.   Conclusion 

A new kind of ion-channel maser instability is proposed and studied in the paper This 
hybrid .on-channel maser is based on the combination of magnetic electron cyclotron 
maser and the .on-channel maser instabilities. The theoretical analysis given in the paper 
shows that the new hybrid ion-channel maser instabilitv has the following features- 
I. The new instability mechanism is based on the hybrid cyclotron frequency that has a 
special energy dependence (l/2<q<l). Accrding to [3],the energy   dependence can be 
written as }0« , ,t showed in [3] that there are three kinds of the dependence- q= 1 is the 
electron cyclotron maser instability; q= 1/2 is the ion-channel maser instability and q=0 
is the Free Electron Laser instability. Now we get a new one the q of which should 
bef l/2<q<l).. Actually, there is another one, the Electrostatic Electron Maser [5 ] ■ the 
energy dependence is also q=l/2.  Therefore, there are four different kinds of energy 
dependence for different instability mechanisms: q=0, q= V2, "/2<q<l and q=l It shows 
that the instability mechanism is also negative mass effect, and the energy dependence is 
weaker than that of magnetic electron cyclotron maser and stronger than that for the ion- 
channel maser. 

2.The character of the singularity in the dispersion equation of the new maser instability 
is different from that of electron cyclotron maser and the ion-channel maser There are 

.^The last one was never seen in published papers. ' ' 
3.Comparing with the electron cyclotron maser and the ion-channel maser, the new 
hybrid ion-channel maser may have some advantages: At first, because of the ion 
neutralization the beam density can be increased, secondly, since q<l, for the same 
electron energy, the operating frequency may be higher. In addition, since the interaction 
takes place in the ion-channel region, stronger interaction efficiency is expected. 

two singularities: G = 0 and b+rlß 

ju-vuumci muacr. l nere are 

4. 
5. 
6. 

'AFSOR. USA; **UESTC. P.R.China. 
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A New Hybrid Ion-channel Maser Instability* 

Liu Shenggang", Fellow, IEEE, R. J. Barker", Fellow, IEEE,       {vlU<**l** '"   m   '" 

Gao Hong , Yan Yang and Zhu Dajun r 

Abstract— A new hybrid maser instability is described for the case of wave 

interactions for an electron-beam propagating through an ion channel in a plasma-filled 

waveguide immersed in a finite axial magnetic field. A complete linear theoretical 

formulation and sample numerical calculations are presented. The significant features of 

this new hybrid instability are discussed. 

INDEXING TERMS: Ion-channel, Hybrid Instability, Plasma-filled Waveguide, 

Perturbation Theory 

I. INTRODUCTION 

When a thin, annular, intense relativistic electron-beam (REB) of radius, Ro, and electron 

density. m>, propagates through a plasma of density, np; an ion-channel may be formed of radius, 

Rp - R0(nb I np)
vl. Based on this effect, varieties of ion channel laser and ion channel maser 

instabilities have been presented and studied. Whittum and Sessler first proposed the concept of 

an Ion-channel Laser in 1990 [1], [2]. Then Whittum studied the electromagnetic wave instability 

of the ion-focused regime in detail [3]. The Ion-ripple Laser was proposed by Chen and Dawson 

in 1992 [4], [5]. Tang et al. [6] studied electromagnetic wave instabilities in an ion-channel (IC) 

electron cyclotron maser (ECM) and proposed the concept of the ICECM. Recently, Parashar et 

al. [7] studied electromagnetic wave scattering in an ion-channel. Jha and Kumar [8] presented a 

' This work was supported in part by the Chinese National Science Foundation under National Key Project No. 69493500 and in 

part under the U.S. Air Force Research Laboratory's Fellow Program. Part of this work was also presented at the 23rd Int. Conf. 

on 1R/MM waves. Essex Uni\. Sept. 7-11. 1998. 

University of Electronic Science and Technology of China. Chengdu 610054. P.R. China. 

U.S. Air Force Office of Scientific Research. Arlington, Virginia, U.S.A. 



linear, theory to study the ion-channel-guiding, magnetic-wiggler FEL. Thus, research on the 

production of coherent radiation based on the ion channel effect has been very active in recent 
years. 

An ion channel can be used to improve the quality of relativistic electron-beams (REBs) by 

helping to radially confine the beam current. The whole or partial charge-neutralization provided 

by the channel's ions permits devices operating at higher beam currents for a given structure 

radius which results in enhanced microwave output power. Not only the REBs themselves 

flowing through a plasma-filled waveguide, but also intense laser beam pulses can be used to 

form an ion-channel via ponderomotive force. 

In this paper, a new hybrid ion-channel maser instability scheme is proposed, in which the 

ion channel maser instability and the electron cyclotron maser instability are combined. 

Theoretical analysis and sample numerical calculations of the new instability mechanism are also 

presented. The interesting features of this new hybrid ion channel maser instability are discussed. 

II. THEORETICAL ANALYSIS 

We begin with the idealized physical structure of a hollow electron-beam propagating 

through a magnetized plasma-filled waveguide as shown in Figure 1. The waveguide we consider 

here is an axially symmetric, cylindrical structure. For simplicity, we assume a preformed ion 

channel (created, for example, by a laser pulse) into which the hollow e-beam is injected. We 

examine the highly relativistic case for ion-channel formation where np>nb/y2
0. It is easy to 

show that for this condition, the force acting on beam electrons due to the channel ions is much 

larger than the force due to the beam itself (i.e. - the self-field). Therefore, in the highly 

relativistic case, this force due to the ions in the ion-channel must be taken into account. 

In the ion-channel the force due to the ions is: 

where np is the ion density. Equation (1) takes the form of a centripetal force. It is clear that this 

force does not contribute to the longitudinal interactions where the beam electrons propagate in 

the z-direction along the axis. However, this ion force very strongly influences transverse 



interactions. If there were no magnetic field, this is the only force that acts on the beam electrons 

besides the rf-field force. This B0=0 case corresponds to the ion-channel maser/laser case [1], [2], 

[9]-[12J. The electron betatron frequency is: 

col = <o\ 2/o • where co'r = 

e n. 

m0£Q 
(2) 

where y0 is the relativistic factor of the electron beam. Almost all the electromagnetic 

instabilities of ion-channel lasers and masers are based on (2). If the system is now immersed in 

an axial magnetic field, the beam-wave interactions become more complex. In fact, a new kind of 

hybrid interaction emerges. For this case, the beam electrons are moving in a combined field that 

produces the force: 

F=F+F= 
2 

(3) 

where F, is the ion force and Fm is the force due to the magnetic field (Lorenz force: (v x B0)R). 

Both of these force components are centripetal forces, that yield the electron cyclotron frequency 

as 

con = 
CO ri) 

2r« 
i + i + 2r0<y 

1/2 

CO cO 
(4) 

where a)c0 = 
\e\B0 

and BQ is the applied axial magnetic field. 

When coc0 »cop, we obtain coQ =coc =<yf0 y0 .    However, when co\ »co]Q, we get: 

^o = ®P I v2/7 • The former is the basis of the Electron Cyclotron Maser instability, and the 

latter is the basis of the Ion-Channel Maser instability.   For the new hybrid ECM instability 

which we are presenting here, (4) shows that the energy dependence is different from the y'1'2 

proportionality that was studied in [6] and [9]. 

In order to derive the dispersion relation for highly relativistic electron beam-wave 

interactions in a magnetized ion-channel, we begin with the following general equations of 

electron motion: 



d2R 

d? 
R 

(djp} 

dt 

dydR 

dt dt 
LB° Ä_#_^ R+fiL 

dt      2 m, mn 

~dR dtp    n d
2w 

2 r + R —f 
dt dt        dr 

+ R
dld(P = f<P+

eB° dR 

m„ dt dt 

d2z    dy dz     f: 

m0   dt 
(5) 

dr     dt dt mn 

and 

r 
c~ 

c~ - 
dR 

\dt j 

V 
-R- 

d<p 

dt 

V f j*\ 

{dt 

-.-i-i 

(6) 

where  fReR + f0e9 + f.e. = F is the force acting on the electrons due to the rf-field. This force 

has the form: 

F = e(E + vxB) (7) 

In this formulation, the longitudinal components of the rf-radiation field in the magnetized 

plasma-filled waveguide have the forms, Ez = AiJm(piR) + A2Jm(p2R) and Hz = A|h|Jm(piR) + 

A2h2Jm(P2R), where pi and p2 are two eigenvalues while Jm(piR) and Jm(p2R) are the two 

corresponding eigenfunctions. (Note that for a cylindrical waveguide, these eigenfunctions are 

Bessels functions.) The transverse rf-field components can be found by simply inserting these 

field components into Maxwell's Equation. 

Invoking perturbation theory, we define: 

R = R0+Rl; <p = <p0+(px; z = z0+zt; y = y0+yA 

R\«Ro ;     <P\«<PQ  ;    z,«z0   ;     yx«y0 
(8) 

with the subsequent perturbation expansions performed in orders of the amplitude of the rf 

radiation field. Substituting (8) into (5) and (6), we find: 

&<p A 
R -A" 
*'"  A 

*oPi = (9) 

and 

C'Y\ = Y»R»«>lRx +M<o0RlQ<pl +7>l)Qv.0z1 (10) 

where Q is the frequency of the electromagnetic wave and the determinants A, AR. A^,. A2 

are : 



A = rl& {l + rlß'ltf-col-^^-^-coJ^ylß"-) 
Vo 

(11) 

AÄ = -yfa*(\ + rlß2)fH mQ 

+ JYl&i\ + Ylßl\2coa-coL) + ylßlcü\f<p m0 (12) 

-jyfa'ßvßÄVo-<»<)/: m0 

A„ =-Jrfö[(} + rißIX2o>0-a.) + ylßla>0]fli mQ 

-ri&ltffy + yißfi+rföal]/, m0 (13) 

+ yA
0Q

2ßl/ß±(Q2 -2a>2
0+a>ea>e)f; mQ 

A:=jy4
0n*ß ß^-cojf« m0 

+ ytQ}ß.,ßjpr -2col +fi>tfi>c)/„ rn0 (14) 

- rl& |i + r0
2 A: l& - a>l - <o\ iy0)- (ß\> - ®c )2 ]/r ™o 

for the first harmonic of the electron cyclotron wave, / = 1. In the above derivation, we followed 

the formalism presented in [12] and developed in more detail in [13]. 

According to the charge continuity equation and the above results, we can get the expression 

for the perturbed charge density: 

P> =[^T^Ä. -M -JK,z,}a08{R-R0) 
R0Q 

(15) 

where co is the operating frequency and cr0 is the surface charge density. Then the beam rf 

current density can be found as follows [5], [9]: 

J = eaQ5(R-R0)Vi +ev0p] 

= J„+J. 

where S(R-R0) is the Dirac 5-function, and 

(16) 

J,=-\e\<rA~*x-Kai+Cl)RM-jRiG>0k:z,)]8{R-R0) (17) 

J: =\e\°o[(a~J\~^ Ri -X-oP, -y-(ß>-ä>o)-i]£(*-*0) (18) 
/C0L2 

where Q = o)-k:llv:Q -lcoü, while /?, ,R0^, .andz, are the perturbed displacements in the 

R.<p. and z directions respectively due to the rf-field defined in (9) above. Then by using (16)- 

(18). we can obtain the following dispersion relation for this hybrid maser instability: 



k2_k2o=_JO^^    E.ds 

"E 

_ (o/J0e
2n0 ir ,a>l „ 

-"   p      ttJ~^R> +K +n)R0<Pi+RoC00kz0z]]-Ev + (19) 

. .(ö)-Q)v.0 n 

where we have defined the quantity: 

P£ = l-\JE] -Eds 
2 

The  dispersion  relation  above  is  completely  generalized  for the physical  system  under 

consideration and is valid for any mode in that system. 

III. SAMPLE NUMERICAL CALCULATIONS 

It is instructive to begin by first numerically calculating the dispersion relation for the ion 

channel waveguide mode without the REB present. The dispersion relation for the waveguide 

mode, HE,,, for various values of the plasma density, np, are shown in Fig. 2. Here, the plasma 

was immersed in a 2-tesla axial magnetic field. We can see from Fig. 2 that the cutoff frequency 

of the waveguide modes increases with increasing n 

If one then injects an REB of #,=0.06, the interaction region between the beam and the 

waveguide mode HE,, may be determined via the plot shown in Fig. 3(a). Fig. 3(b) is the linear 

growth rate of an electromagnetic wave for different beam densities, nb, according to (19). The 

other operating parameters are listed in the figure. The variation of the maximum growth rate, 

Gmix, with beam density is shown in Fig. 3(c). 

Fig. (4) shows the variation of the maximum growth rate with the plasma density. We can 

see that there is a maximum growth rate for certain plasma densities. Fig.(4) also shows the 

variation of the frequency of the maximum growth rate for different plasma densities. We can 

see that that frequency is almost directly proportional to the density. 

IV. DISCUSSION AND CONCLUSIONS 



It is clear that, the highly relativistic case in which the ion force plays an important role 

deserves much attention. When B0 = 0, we have the ion-channel maser (laser) instability. When 

B0 * 0, the new hybrid instability mechanism described herein emerges. This paper shows that 

this new hybrid instability boasts at least five important and interesting features. First, for this 

hybrid maser. the electron cyclotron frequency is given by (4). This tells us that the energy 

dependence is neither y0" : nor/0"'. It is rather between /0~' 2and y^. This classifies this 

phenomenon as a special kind of negative mass effect. 

According to reference [9], the energy dependence can be written as: y'^. That work 

defined the following three kinds of dependence: q = +1, the electron cyclotron maser instability; 

q = 1 / 2, the ion-channel maser instability; and q = 0, the Free Electron Laser instability. 

References [10] and [11] describe another case, the Electrostatic Electron Maser, for which, the 

energy dependence also has q = 1 / 2. This is due to the fact that both Ion-channel Lasers and 

Electrostatic ECR Masers are governed by a centripetal force. Now we have defined a new 

hybrid case, one for which 1 / 2 < q < 1. Therefore, we have four different kinds of energy 

dependence for different instabilities: q = +\. q = 1 / 2, q = 0, and (1 / 2 < q < 1). 

Second,   (5)   shows   that   for   this   hybrid   instability,   there   are   two   singularities: 

Q = ü)-k.0v.0-coQ   and   Q2 = (coQ -coc)
2 +(a>l -(co))/y0).  For the latter, the operating 

frequency, co = a>c + kzo \'zo + («c2 + wp
2 + (cop

2 )/y0 )
l/2, is very high and merits further study. 

Note   also   that   for  the   ion-channel   instability,   there   are   three   singularities:'61   Q = 0, 

Q2-(4-/?io)ü>o =0 and &-co)   =0 where    co) = (1 + ^Wo- While for the ECRM 

instability, there are also two singularities: Q = 0; Q2 -co) = 0 (the Gyro-Peniotron instability). 

A third interesting feature of this hybrid maser is that the working frequency is much higher 

than both COL and co0 as is shown in (4). Rough estimation shows that: co > —— + ——(—£-). or 

coc0     a _,     i 
co * —^ + -7^=-, where co' = — co\. 

r*   In 2 

Fourth,  in this hybrid case, the transverse  interaction  is always accompanied by the 

longitudinal interaction, since we must have both E± and £.. Jx and J. [12]. 



Finally, it is obvious that since the ion-channel permits elevated electron-beam currents and 

densities, thus the output power of the maser can also be much elevated. 

In conclusion, we have described a new scheme of electromagnetic wave generation by 

considering the effect of an ion channel in a magnetized plasma filled waveguide. The analysis 

yielded many important and interesting points. It is clear that this new hybrid instability should 

be studied in more detail. 
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0) = cop, we also have p2 =0. But the curve a of p2 =0 is the line of 

co2 + cococ -co2 

equation J3  = k  -. —y-E- (see section V and Appendix), it is one 
co(co +coJ 

continuos line, not two lines as it was shown in [4]-[6], [8] (for example, Fig. 1 

in [5]). 

Fig. 5 shows rather complete dispersion curves. Dashed lines show three 

special critical lines: D=0 and p2 = 0. Here again there is difference between 

our calculations with that given in Fig. 2 of [5]. Mainly, the cut-off frequency of 

HE,, mode is below ©,, so the mode dispersion curve will go across the line 

of p2 = 0. We have also found that there is no HE, mode, and the curve for 

HE, mode given in Fig.2 of [5] is actually the line of p2 = 0. 

From Fig. 5, we can see that there are mainly three kind of waves: the first 

is plasma modes their cut-off frequencies are zero. The second is the modes 

their cut-off frequencies are lower than Q h, these modes, include EH modes 

and HE modes, are cyclotron wave modes. The dispersion curves of these 

cyclotron waves will be condensed between m and Max(o) co V All 

these dispersion curves can not go through coh line. The third is the modes 

their cut-off frequencies are higher than o)h. They are all waveguide modes. 

Fig. 6(a) and 6(b) show some waveguide waves, there is also difference with 

that given in Fig. 3 of [5], the mode HE01 should be below mode EH0,. 

Fig. 7 and Fig. 8 show some waveguide waves the cut-off frequencies of 

which are close to <Bh. Again there are differences between our calculations 

with that given in Fig. 4(a) and Fig. 5 of [5]. It seems that in [5] Fig. 4(a) the 

curve EH„ was confused with the line of D=0, p2 = 0, and the curve HE is 

really the dispersion curve of HE,,.Fig. 8 shows that many EH modes are 

cyclotron modes. 

It should be mentioned that in order to easily make comparison,  all 

parameters used in our calculations are the same as that used in [5]. 
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Electromagnetic Characteristics of 
an Individual Spherical Biological Celf" 

Liu. Shenggang". Robert J. Barker". Kari H. Schoenbach"", Guofen Yu""\ Chaoyu.Liu  

Theoretical study on electromagnetic characteristics of an individual spherical 
biological cell is given in the paper. The field in a cell induced by extra electrostatic 
field, the electromagnetic scattering for a plane wave due to a cell and the 
electromagnetic resonance condition of a cell, as an electromagnetic cavity, are 
analyzed. The possible application of the theory is discussed. 

1.       Introduction 

Study on biological body and cells has become an attractive subject recently. The 
physics and electronics prove to be powerful and efficient in the research of this field. - 
In this paper a theoretical study on the electromagnetic characteristics of a simplified 
cell is given. As shown in Fig. 1 (a), the cell model is divided into two regions: region /, 
the inner part of the cell with radius b\ region //, cell membrane with inner radius 
h and outer radius a. The region outside the cell is referred to as region ///. The 
dielectric constants, permeability and conductivity of the three regions are indicated by 
e,.fi,, and or,, respectively. The subscript "/'" takes 1,2,3, which represent different 

regions  By using the Maxwell's equations the electromagnetic characteristics can be 
analyzed 

The paper is organized as below: Section I is a brief introduction. Section 2 deals 
with a cell in an electrostatic field. The analysis of the scattering wave by a cell to a 
plane EM. wave is given in section 3. And in section 4, the cell is considered a EM. 
cavity, the resonance condition is given. Section 5 deals with the possible applications 
of the theory. Section 6 is the conclusion. 

2. A cell in electrostatic field 

(1) 

Consider an individual cell in an electrostatic field' 

i-Fj 
It is obvious that, in a spherical coordinate system (r\<p,0), the field in each region 
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should be axial symmetric, i.e., dld<p = 0. The scalar potential  of the applied electric 
field can be indicated as: 

K,=-Enrcos0 = -E(trPl(cos0) (2) 

where Pt(cos9) is the Legendre function. Then, the electrostatic potential in the three 
regions can be written as: 

er 

v\ =yLAn'"1\^os9) (0<r<b) (3) 

v2 = Zk'-""' +Cmr']Pm(cos9) (b<r<a) (4) 

en 

v* = L A/~'"M)^(cos0)- En/-/>,(cos0) (r > a) (5) 

The constants A,„B„,Cn and Dn can be determined by using the following boundary 
conditions: 

E'J'=E'J    (c7, + ^)E'r" =(<r2+>*,)#' {r = a) (6)      ^ 

E»=E'„    {v2+jßtf2)E?=(<rl+#it)E'r (,- = /,) (7)       
J 

The permitivity constants are assumed independent on any coordinates, we obtain: 

[the matrix]     (8) 

|AI= 
Bl = 
Cl- (9) 
Dl=| 

All the other A„,Bm,Cm and Dm should be zero. 

Therefore, once the constants *„„,.*,; ,„„, ,cx2; ,„„„*, are given, the field 
outside and inside the cell can be found. 

3. Electromagnetic scattering wave by a biological cell 

Assume that a cell is under radiation of a plane electromagnetic wave 
E = Eae'<'-*>=Eoe>~-*"- (]0) 

For a plane wave, we have: 
„jat-jkrmO 

(U/J 

The plane wave should be expanded into two parts with different polarization in r 
direction:^ and IE waves. In spherical coordinate system, the 114 and IE waves 
can be written as follows: 



^.Sfo^l-^^Oj 

for TM wave; and 

rUn = 

Cü/j     „=|    //(/; + 1) 

Ensm<p ~ j-"(2n + \) 
Jn(kr)r: (cos9) 

(12) 

(13) 
k      n.A    n(n + l) 

for TE wave. 

Here rl'„ and rf/„ are Debye potentials for IM and 77^7, respectively. ./„(Ar) is 

spherical Bessel function, and /'„'(cos^is associated Legendre function. 

Outside the cell there exists scattering wave, the Debye potentials in this region can 
be written as: 

rl\ = cos<pfj\aJ„(k,r) + AnH
(

n
2)(kY)Y'(cose) (IM) 

n-\ 

rU3 = sin vfjpjtfs) + Ä„H ^ (k,r)}^ (cos 0) (TE) 

In region //, we have: 

rV, =cos<pfj[cJn(k2r) + DnHl2\k2r)]p:(cos0)       (TM) 

(14) 

n=i 

rlJ2 =sm<pf,[(\J„(k2r) + DnHl2)(k2r)]p;(cos9)       (TE) 

And in region ///, the kern of the cell, the Debye potentials can be written as: 
en 

rVx = cospJV../. (*,/•)/>„'(cos0)       (TM) 

en 

rUt =sm<p^tFj„(kir)P^cos0)        (TE) 

(15) 

(16) 

where: 

a. = 

/?„ = 

E0j-(2n + \) 
COfJ     //(/7+1) 

g0y—(2/1 + 1) 
A     //(// +1) 

(17) 

//,  (Ar) is spherical Hankel functon of second kind, it represents an outgoing 

wave k2 = co2elpl - /Vy/z.cr,, here /' = 1,2,3. 

It can be proved that, except the nonlinear media, there is no coupling between 7M 
and IE waves, so we can deal with them separately. 

By using the boundary conditions of fields, we can derive the expressions of the 
field coefficient as follows: 

*o K(2) *H) \(4) Ä" A'" An' AH' 
A» A%. A.. A. 

(18) 



„      A(,)    -     A(2)   _      A(3) A(4> 
(19) 

where: 

K = H{:\kza)Jn{k,h) •L(^)H^(k2b)-Hl;\k2a)J'n(k2b) 

+ r2j;(*lA)[Ä»,(Vy.(*2Ä)-./1.(M^2>(*2A)]+ 

+ r,//»1 (^«)^2,(^)[r2./;(^A)./,i(^A)-i„(^A)./:(^/,)] 

+ a„ rvIn{k,a)Jn{k2a) h(kM™\kzb)-rn(kxh)H?{k2h) 

+ a^vK{ha)\j:{k2b)Jn{k,b)-J'n{k,h)Jn{k2b)] 

+ <*J:C<,a)Hi2)(k,a) 

*'?=->«..M:(W.(MW:(M)A(*,A)] 
A'4' = -a2. 

(20) 

(21) 

*rWlh)Hl?\k2h)-J'm{kxh)H™\kih) 

in which: 

(22) 

(23) 

(24) 

(25) 

_*,(g2+./g;g?) 

*2 (CTi + ./<y^i) 

r.*2(g3+./fljg,) 

Let rj = A, /*2, r; = *, /*, replace r2 and r,, then the expressions of A°u\ A(„2), 

AT.\ A'.4' and A. are given by those of A'J»,A(»,A'r
,»,A',4> and A,., respectively! 

4 A cell as an electromagnetic cavity 

An individual biological cell can be considered as a spherical cavity, a special kind 
of EM cav.ty. Based on the theory obtained in last section we can derive some 

totrZT PTT ?e Spedal reS°nanCe Cavity- 0ne of the ™« difficulties to bu.ld up a theory for the cell cav.ty » that what are the criteria of the "resonance" for 



C >; 

a cell. There are three approaches nge3 for a dielectric cavity: (1) magnetic wall 
approximation (magnetic wall open); (2) cut-off waveguide; (3) cut-off radial 
transmission line approximation For a biological cell, the first and second conditions 
seem not to be acceptable. The third one depends on the dielectric constant £-and 
permeability //of the cell, in particular, the £,of the cell's membrane. The 
approximation is very good, provided that /:, is large, say 50-100. But if £,is UWTsmall, 
the accuracy will be poor, because this leads to that more E.M. energy spreads outside 
the cell, and the resonance curve will not appear like a peak. Here we suppose that the 
dielectric constant of the cell membrane is large enough. The fields outside and inside 
tiie cell can be expressed as: 

rV> =SS^^:2,(WV(cos(9)c'* 
n-0 m   n (/>«) (26) 

'■", =I;T/LX:W)/7(COS0)^ 

n-n m-?n (h<r<a)   (27) 

n   II m   II 

»1=0 m=n 

The boundary conditions are: 

''ii    ~ ''ii 

/,-'" — IT" 
>   —    i> 

rjlll   _   IF II 
riii    ~ n „ 

H"' = H" 

F" = F' 

F" = F' 

H „ = H„ 

H" = H' 

jm<p 

(0 < r < h) (28) 
ym«i 

(r = a) (29) 

(/• = h) (30) 

By using the above boundary conditions we can obtain the field  expansion 
coefficients, i.e. An, Än, Rn, B„, ("„, C„, /J>„and l)n. 



As we described above, when almost all the energy is kept within a cell,   the cell 
acts like a resonator. So the resonant condition should be 

W-£;/C =0 (r = a) (31) 

5 possible applications of the theory 

The theory given in the paper is an attempt to using the well-developed 
electromagnet.c theory to study the electric or electromagnetic characteristics of 
biological cell/cells. The theory may have some attractive applications in the biological 
field. For example, the equivalent circuit in [1] may be derived from the theory as 
follows: 

Suppose a cell is under the extra field  £n£, the field components in the cell 
membrane and in the inner part have been given in section 2. The energy stored in the 
cell membrane is: 

C-=^n*,J(E,!+E;+/2>/K (32) 

The integration is along the volume of membrane. According to the stored energy 
expression of a capacitor, we can express the equivalent capacitance of the cell 
membrane as: 

_ens2j{E2
r+E;+E2

e)dV 

(■■■) denotes taking average. 

The current density within the membrane and in the cell's kern is: 

•A = G, (£„ cos 6 + Ea sin 0) (34) 
Then the average resistance of the cell is: 

(33) 

The conductivity of cell membrane is: 

<A> G_ = 
<"■> 

(35) 

(36) 

6 conclusion 

Theoretical study on electromagnetic characteristics of an individual biological cell 
has been worked out. A cell in electrostatic field is studied. The results obtained can be 
used to find the parameters of the equivalent circuit of the cell. The scattering wave of a 
cell to a plane wave has been obtained. It may be used to study the behavior of a cell 
under the irradiation of electromagnetic wave. For example, by measuring the scattering 



wave we can find the parameters of the cell (//,£, <r). A cell can be considered as a 

special cavity when its radiation loss is very small. The results of the paper, therefore, 
are valuable for understanding the electrical characteristics of the cell and provide a 
theoretical base for further study on biological cell. 
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. A New type of Waves in Magnetized Plasma Waveguide- 
Liu Shenggang", RJ.Barker~, Yan Yang", Zhu Dajun" 

Abstract   A new type of wave containing a quasi-static pair has been found, the features of this 

new type of waves are examined and studied in this paper. This type of waves has not been reported 

in published papers to date. Characteristics of these waves are analyzed . The theoretical analysis is 

found to be consistent with numerical calculations . 

Keywords   Magnetized Plasma Waveguide  Quasi-Static   New type of Wave 

i 

Summary 

Wave propagation in a waveguide filled with plasma immersed in a magnetic field has been an 

important subject to study in plasma physics and microwave electronics m"m It was found that the 

efficiency of high power microwave devices can be increased greatly when filled with plasma. 

Research interest in this subject continues to grow. There are three kinds of waves in a magnetized 

plasma waveguide:   (l)Low  frequency  plasma wave,0< mia(a>p,a)e).  (2)Electron  cyclotron 

\ne' l fig 

wave, <op < O) < coc. (3)Waveguide wave , co > ca„, where a>f = J— is electron plasma frequencv 

^ ~ m   is elec:ron cydotrori frequency, n is electron density, e and m are electron charge and 

mass,«0 is permitty in vacuum ,coh = ^cü\-¥Co; is the upper hybrid frequency. 

Plasma has great influence on the dispersion characteristics of electromagnetic waves in a 

waveguide. There are no stand-alone TE or TM wave unless the magnetic field is zero or infinite, 

according to waveguide theory . The electromagnetic wave in a empty waveguide satisfies 

Helomhtz's equation rather than Laplace's equation. However, we find a new type of wave in a 

waveguide filled with magnetized plasma which exists at discrete frequencies and with quasi-static 

characteristics satisfying Laplace's equation. 

The theory given in this paper shows there exists a new kind of waves in a magnetized plasma 

waveguide, ■ the new kind of wave contains a'quasi-static pan of field components satisfying 
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Laplace's equation, and these   waves can only exist at a series of discrete frequencies   The 

numerical calculations verify the existence of this new kind of wave. 

Physically, this shows that in a waveguide without plasma, the quasi-static field (such as a 

TEM wave) cannot exist and only fast waveguide modes can propagate. However,When the 

waveguide is plasma filled, there are a large number of charged particles in the space inside the 

waveguide. So the quasi-static field can exist and it is closely related to the plasma. Tne importance 

of this new wave is that it can propagate at the discrete frequencies satisfying V& = 0 and keeps 

the continuity of the dispersion curve. 

Mathematically, it indicate that D=0 is not a singularity, the solutions of wave equation exists 

and there is no break of wave propagation, but the wave mode is changed significantly at the 
discrete frequencies. 

We can see that wave propagation along a magnetized plasma waveguide has quite unusual 
dispersion characteristics. 
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Summary 

Ion-channel guiding of an electron beam in a free-electron laser can eliminates the need for 

conventional focusing magnets, thereby reducing the capital and running cost.111 Moreover, the presence of 

the ion-channel allows beam currents higher than the vacuum limit and also helps radiation guiding/2' So 

there should be higher efficiencies and lower wavelengths for ion-channel guiding FEL. The linear theory of 

a wiggler FEL with ion-channel guiding has been presented by P. Jha et al.M They have shown that the 

steady-state transverse electron motion generates a similar set of stable and unstable electron orbits, and a 

substantial enhancement in peak growth rate could be obtained when the ion-channel frequency approaches 

the wiggler frequency. Comparing with wiggler FEL, there is a shorter period in an electromagnetic wave 

pumped FEL. So under the same injection energy of electrons, one can get a more shorter laser wavelength 

output. Motivated by the benefits, the study on electromagnetic wave pumped ion-channel free-electron 

laser (EPIC-FEL) will be more useful. Radiation generation in an ion-channel was first proposed by 

Whittum and Sessler in 1990.[4J Then Whittum studied the electromagnetic wave instability of the ion- 

focused regime in detail.'51 The Ion-ripple Laser was proposed by Chen and Dawson in 1992.r6-71 Tang et 

ai.f8! studied electromagnetic wave instability in an ion-channel electron cyclotron maser (ECM) and 

proposed the concept of the ICECM. Recently, The ion-channel hybrid instability was proposed by Liu et 

al.1'1 It was indicated by K.R. Chen1'01 that two bunching mechanisms exist for wave amplification in the ion- 

channel laser, cyclotron maser and FEL. There should be a competition between axial bunching and 

azimuthal bunching, however, axial bunching is mainly considered in FEL, including the discussion in [3]. 

In this paper, theoretical study on electromagnetic wave pumped ion-channel free-electron laser (EPIC- 

FEL) is presented. The physical mechanism responsible for the generation of coherent radiation in the EPIC- 

FEL is described and the fundamental role of the ponderomotive wave in bunching and trapping the beam is 

emphasized. The dispersion relation of the EPIC-FEL has been obtained and growth rates are calculated for 

different parameters. It shows that EPIC-FEL has very bright future. 

The EPIC-FEL dispersion relation can be obtained as: 

(a2 -c2k2 —2L-).{[(Q,-Q)0)-(k + lc0)V:0]2 —^r) 
r<Ai nn 

(i) 

7o Q/0      ° Lnn   n/0   cn;o   cQn   QM a, 

***       p***#*l    «t ***   W. C**f.   fin LRMMÜ .   AW~f . CA-USA 
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Where V° = ^^7 " ^ WaVC Wiggle Vd0City- When ffl< = °' we ^ 8« ^ vacuui* ^e. In this case, 

Q,0=Qn =1, the above equation reduces to the conventional EM wave pumped EEL dispersion 

relation'111. Under the conditions of resonation for backward wave pumped, i.e. k^^—Z^—k , ...**«, 

get n0 = Q, and Cli0 = ft,.,. Then the eq. (1) is reduced to 

We have calculated the above equation, the results show that the presence of ion-channel may lead to 

substantial enhancements in growth rate as CO, «Q0. These agreement with results obtained in Ref.[3], 

however the values of the peak growth rates and resonate frequencies are larger than that of in the former 

case when Aw = \. For all kinds of FEL, we can derive A « V if:, where A and A, are the radiation 

and pump EM wave wavelengthes in the kind of EM pumped FEL case or radiation wave wavelength and 

wiggler period in the kind of wiggler FEL case, respectively. In order to operate FEL at low wavelength, two 

methods have been used. First, reducing the wiggler period; We know it is very difficult to obtain for 

conventional wiggler FEL case. However it has no problem for conventional EM wave pumped FEL. 

Second, increasing the beam energy. But it may cause lower efficiencies. However, in ion-channel kind of 

FELs, the ion-channel can aid the electron beam focusing and can compensate the efficiency lose by 

adjusting the plasma frequency (eq.(2)), so under high beam energy case, this kind of FEL can be operation 

at very low radiation wavelength without lose many efficiencies; meanwhile, the decreasing of pump 

wavelength is very easy to accomplish for EPIC-FEL. So with such benefits, we believe that EPIC-FEL will 

has a very bright future. 
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Abstract 

Theoretical study on electromagnetic wave pumped ion-channel free-electron laser 

(EPIC-FEL) is presented. The physical mechanism responsible for the generation of 

coherent radiation in the EPIC-FEL is described and the fundamental role of the 

ponderomotive wave in bunching and trapping the beam is emphasized. The dispersion 

relation of the EPIC-FEL has been obtained and growth rates are calculated for different 

parameters. It shows that EPIC-FEL has very bright future. 

L Introduction 

Ion-channel guiding of an electron beam in a free-electron laser can eliminates the 

need for conventional focusing magnets, thereby reducing the capital and running cost.'11 

Moreover, the presence of the ion-channel allows beam currents higher than the vacuum 

limit and also helps radiation guiding.121 So there should be higher efficiencies and lower 

wavelengths for ion-channel guiding FEL. The linear theory of a wiggler FF.L with ion- 

channel guiding has been presented by P. Jha et alP] They have shown that the steady-state 

transverse electron motion generates a similar set of stable and unstable electron orbits, and 

a substantial enhancement in peak growth rate could be obtained when the ion-channel 

frequency approaches the wiggler frequency. Comparing with wiggler FEL, there is a 

shorter period in an electromagnetic wave pumped FEL. So under the' same injection 

energy of electrons, one can get a more shorter laser wavelength output. Motivated by the 

benefits, the study on electromagnetic wave pumped ion-channel free-electron laser (EPIC- 

FEL) will be more useful. 

Radiation generation in an ion-channel was first proposed by Whittum and Sessler 

in 1990.[4] Then Whittum studied the electromagnetic wave instability of the ion-focused 

regime in detail.155 The Ion-ripple Laser was proposed by Chen and Dawson in 1992.'6-7' 

Tang et al.m studied electromagnetic wave instability in an ion-channel electron cyclotron 

maser (ECM) and proposed the concept of the ICECM. Recently, The ion-channel hybrid 



instability was proposed by Liu et al.[9] It was indicated by K.R. Chen1101 that two bunching 

mechanisms exist for wave amplification in the ion-channel laser, cyclotron maser and FEL. 

There should be a competition between axial bunching and azimuthal bunching, however, 

axial bunching is mainly considered in FEL, including the discussion in [3]. 

In this paper, we presented the linear theory of EPIC-FEL. In the following 

discussions we also mainly consider the axial bunching for simplifier. Section II shows that 

there has an unstable electron orbits regime when Q0 = <y., while there has a ion-channel 

instability when Q, = cot. Electron axial bunching is introduced in section III and the 

dispersion relation is obtained in section IV. Section V is the discussions and calculation 

results. Conclusion is given in section VI. 

n. Electron transverse motion 

Consider a relativistic electron (charge -\e\, rest mass m, relativistic factor y0) 

moving along the z axis. A backward scattering electromagnetic (EM) wave as a pump 

wiggler field is described by 

i4#=i40[e'(iV**'r>«++e-'(«v+**,)e_] (1) 

where A0 is the amplitude of EM wave field, k0 = 2jtlX0, Z0 is the EM wave 

wavelength, e± =(ex ±iey)/2. The transverse static field caused by the ion-channel has a 

form of 

£i=i4I(x,^,0) (2) 

where A, = 4;r|e|w,, nt is the plasma density. In a form similar to representation of the 

wiggler field (1) we represent the forward stimulated radiation by 

AR (r, /) = A„ [e,(b-*e_ + e-'iks-\ ] (3) 

where AR is the amplitude, k is the complex wavenumber, and co is the' real frequency. 

So, the total electric field and magnetic field are 

EV   ,\       #&        ld(Ag+AR)     J 
(r') = ~"i~g'~c      a      +A>* (4a> 

B(z,t) = ~[e:x(A,+AR)] (4b) 

where x represents the transverse displacement, 3> is space-charge potential with the perturbed 

density 8n, and is given by 



—— = 47r\e\ön 
&■ 

The transverse velocity can be determined by the motion equation 

^ = -|e|[£ + I(vxÄ)] 
dt c 

(4c) 

(5) 

where P = myV, y is the total relativistic factor. Substituting eqns. (4a) and (4b) into (5) yields 

dPL _\e\  d(A0+AR) 
-eA,x± (6) 

dt       c dt 

In above equation the subscript 1 represents the transverse component. For the electron stable 

motion, assuming xl0 oc e,cv = e'^"^', we have 

x   - —V 

v --ÜL.A 
my0c  ni0 

(7) 

where fi,0 = 1 j .   0)i = (4;r|e|2 n, /my0)
m is plasma frequency. We can see that for the 

electron steady-state motion, there is an unstable value when Cl0 = fi>,. The electron motion 

orbits was similar with Ref. [3], i.e., also have two stable regimes. 

For the perturbed motion of electron, assuming x±1 oc e"1"1' = e"l<B~ '" ', then 

/' 

(8) 

x   = V 

v -JlL 4L 
LI ~ ' r\ my0c  Q„ 

co' 
where fl, = 1 -r- In above derivation we used the approximate of y0 instead of y . That 

means we mainly consider the axial bunching. From eq. (8), the ion-channel instability will happen 

when Q, = (O,. 

m. Electron axial motion and bunching 

From charge conservation, the perturbed beam density is given by 

, xddn    cW. 
\e\ = - 

where 6Jt is the perturbed axial beam current given by 

cV1(z,t) = -\e\(n0cvl+chvl0) 

(9) 

(10) 



In eq. (10) övt and vz0 are the perturbed and unperturbed axial electron velocities. Combining (9) 

and (10) yields the following expression for the perturbed density: 

dSn ddv, 

Taking   the   axial   component   of  the   motion   equation,   eq.(5),   and   using   the   relation 

dyldt = -1 e | (v • E)/mc2, we find that 

dv,        |el      SS>    1 v 

Linearizing (12) by keeping terms to first order in the radiation field yields 

döv.      | e | .    _2 &$>    .r,k0      k .    ü)ßrft    conß,n a2       Qn 

(13) 

where 0,(r,/) = ^ {- A ARem*k")z<m-^w (14) 
my0c- 

is the ponderomotive potential and y^ = (1 -ßj)~u2, ß:0 = vj0 Ic, Taking the convective time 

derivative of both sides of (11) and employing (13) and (4c) yields 

(15) 

where   cob=(4x\e\2 n0/m)U2   is beam electron frequency,  «0  is beam electron density. 

Equation (15) shows that the perturbed charge density is driven by the ponderomotive potential 

wave. 

IV. Dispersion relation 

The wave equation of radiation field is 

(d
2      1  d\.        An _ 

az      c   a c 

where J1=-\e\(n0V±l + 6nVlt), substituting eqns. (7) and (8) into eq. (16) yields 

«    c «    r0",i w^0  nl0 



Since the phase of the ponderomotive wave is [(k + kQ)-(a>- o)0)t], we see from eq. (15) 

that the perturbed density should have a similar dependence in the time asymptotic limit, 

hence we write 

Sh(z,t) = <Rre'K***->*-<-—>'> (18) 

Using (18) together with (14) and (15), by eliminating Sn and AR, eq. (17) becomes 

i 2 

(fl,J-c2*J—^-).{[(»-fl>0)-(* + *0)ve0]
2~\) 

is EM wave wiggle velocity. The above equation is the EPIC-FEL 

dispersion- relation. When col = 0, we may get the vacuum case. In this case; 

Qi0 = n., = 1, the eq.(19) reduces to the conventional EM wave pumped FEL dispersion 

relation'1 !I. 

Comparing the dispertion relation with that of the wiggler ion-channel FEL (WIC- 

FEL) case, there are some differences. First, there is additional effect coming from co0 in 

EPIC-FEL; second, Aw which is the amplitude of the wiggler field is replacde by AQ; third, 

there is a product that 1/2 multiple the left of the dispertion equation in the wiggler FEL 

case. So, they may bring some difference for two cases when we analyze the relation 

properties. For example, considering the case when Aw « A^, we can easy conclude the 

growth rate in EPIC-FEL will double higher than that in WIC-FEL. 

V. Numerical Calculations 

Note that the phase velocity of the wave should be synchronize with electron beam, 

i-e■'■ vph * vzo ■ The axial phase velocity is 

v„ = ^^ (20) 
""      k + k0 

So we can get k = -—   ,    k0 and co = -—   ,    aa. But for a forward EM wave pump, 
(l-#o) 0-Ä) 

we get the ponderomotive potential as 

(J)    _ g'[(»-»o)'-(*-*o)*l (21) 
p 

(V* 



<fr-   v. t,i[fm-m,,V-(l-.i-u)-] — (717 

Therefore vph = ° . It required that ßi0 = 1, we can see it is difficult to satisfy thus 
K     K0 

condition for forward wave to amplifier the wave. 

Under   the   conditions   of   resonation   for   backward   wave   pumped,    i.e. 

* = n . £    k°' we can get Q° = ^ and Q(0 = Cln. Then the eq. (19) is reduced to 

(fl,= -c-ki--yj-.).{[(a,-a>0)-(k+k0)Vs0r -   "h }= $ 5 4kk0    (22) 
*>"«> y0r;0    r0 ^;0 

In obtaining eq. (22) the use of the approximations, a * ck, a0*ck0, ßz0 * 1 and 

k»k0 has been made. Above equation has been solved on a computer with y0 =6.0, 

k0 = 2nl3cm-x, ß0=V0/c = 0.2/r0, ßz0 = 0.98 and a>0 = ck0. The growth rates (Im k) 

are plotted versus frequency for appropriate values of x (<y; /Q0) for two stable regimes in 

Fig. 1 and 2, respectively.131 The parameters used here are list all in the figure captions. In 

order to satisfy the Budker condition for propagation of an electron beam in the ion- 

focused regime, the beam electron frequencies are different for regimes I and II in Figs. 1 

and 2. A plot of peak growth rate with x for regimes I and II (for the same parameters as in 

Figs. 2 and 3) is shown in Fig. 3. In regime I, with and increase in x the peak growth rate 

increases monotonically up to the singularity at the orbital stability boundary (x * 1). In 

regime n, the peak growth rate decreases slowly as cot becomes large. The results of the 

calculations are very interesting. Our results show that the values of the growth rates are 

lager than that of the magnetic wiggler case and the operating frequencies are much higher 

than that in magnetic wiggler case. From o)= -—-~co0 =y\(\ +ßl0)G)0, we can see 

that these can be explained by providing the pumping frequency and the beam energy are 

high enough. The growth rate in this case enhances as ai »Cl0. 
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Fig. 1 Spatial growth rate Im kfcm'1) vs a/c (cm"1) for regime I 
orbit, fi)b = 1.8x10" s"'. 
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Fig. 2 Spatial growth rate Im k(cm"') vs cole (cm"1) for regime II 
orbit, cob = 4.4x10" s"1. 
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Fig. 3 Peak growth rate (Im k)^ (cm"1) as a function of x for 

regimes I and II. 
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VL Conclusions 

In conclusion, we have analyzed the wave generation in an ion-channel EM wave 

pumped FEL, and derived the dispersion relation. The presence of ionIchannel may lead to 

substantial enhancements in growth rate as  a),*Cl0. These^greeiBefit witlT^üit? 

obtained in Ref.[3]. But the values of the peak growth rates and resonate frequencies are 
0-*A»->_ *\ put- 

larger tfeen-that gf in the formor case. For all kinds of FEL, we can tterive k * A012y:, 

where X and ^ are the radiation and pump EM wave wavelengthes in the kind of EM 

pumped FEL case or radiation wave wavelength and wiggler period in the kind of wiggler 

FEL case, respectively. In order to operate FEL at low wavelength, two methods have 

been used. First, reducing the wiggler periodf We know it is very difficult to obtain for 

conventional wiggler FEL case. However it has no problem for coSveäESlial EM wave 

pumped FEL. Second, increasing the beam energy. But it may cause lower efficiencies. 

However, in ion-channel kind of FELs, the ion-channel can aid the electron beam focusing 

and can compensate the efficiency lose by adjusting the plasma frequency (eq.(22)), so 

under high beam energy case, this kind of FEL can be operation at very low radiation 

wavelength without lose many efficiencies, iiiwmwliik the decreasing of pump wavelength 

\S 



is very easy to accomplish for EPIC-FEL. So with such benefits, we believe that EPIC-FEL 

will has. a very bright future. 
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Dispersion characters of wave propagation along 
a plasma waveguide in a finite magnetic field* 

Liu Shenggang** , Zhu Dajun***,   YanYang***,   Rj.Barker**** 

Abstract    Further theoretical study and computer calculations on wave 

propagation along plasma waveguide in finite magnetic field are given in the 

paper.  It gives accurate dispersion equations and shows that dispersion 

characters of wave propagation in partially plasma filled waveguide are quite 

different with that in completely plasma filled waveguide, and the dispersion 

curves   of all  waves  can  not   pass   across the  critical  frequency  line: 
i 

co =coh =(co^ +cö^)2. It has been found that some calculations given in 

published papers should be checked and corrected. It shows that the p, = 0 

curve in the p^, p; diagram, for example, has only one line rather than two' 

lines, as it was given in [5] and [8j. and there is nc so called anisotropic 

waves dispersion curve HE, as it was shown in [5]. A new kind of waves 

which is unknown in published papers has been found : the unusual 

dispersion characters of this kind of waves are discussed, and hence there 

are two kinds of waves, electromagnetic waves and waves containing quasi- 

static pans: The paper also calls in question the concept of "coupiing of 

dispersion curves between modes" and presents an alternative physical 

explanation on the unusual curvature of dispersion curves of seme modes. 

I. Introduction 

The wave propagation along a waveguide filled with plasmas immersed in a 

magnetic field has been well studiedPH'3]. References [1-2] are pioneer 

* Supported by Chinese National Science Foundation. 
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**"   High Energy Electronics Research Institute, University of Electronic Science and 
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works. In [4]-[6] , completely plasma filled waveguide was studied, and in [8], 

dispersion equations of partially plasma filled waveguide was given, but only 

for symmetric modes. In [7], theory of partially plasma filled waveguide was 

presented, but there was no calculation, and the boundary conditions used 

was not standard. Theoretical study both for partially and completely plasma 

filled waveguide has been given in [3], based on this, detailed analysis and 

complete numerical calculations are given in this paper. The paper shows: 

F(D   D   k) 
1. The accurate dispersion equations should be     VK1'F2'    =Q   Onlv 

D 

when D*0, we have F(p,,p2,k) = 0, as it was given in previous published 

papers, and we can prove that when D-0, the limit of lim   ^Pl'P2'  ' exists 
D-»0 D 

and continues. The dispersion curves, therefore, remain unchanged. 

2. The cut-off frequencies and the dispersion characters are quite different 

in partially plasma filled waveguide with that in completely plasma filled 

waveguide. 

3. Numerical calculations show that the dispersion curves can not go across 

the critical frequency line co = ©h = (co^ + co^)* for all modes, and that also 

gives strong influences on wave propagation along plasma filled waveguide 

in finite magnetic field. 

4. It has also been found that some calculations given in published papers 

should be checked and corrected. The p? = 0 curve in Pp- p, diagram, for 

example, only has one line rather than two lines as it was shown in [4]-[6], [8]. 

And also, the existence of "anisotropic waves" HE, in [5] was incorrect.. 

5. A new kind of waves which is unknown in published papers has been 

found and hence there are two kinds of waves that can propagate along 

plasma filled waveguide in finite magnetic field: they are electromagnetic 



waves and waves containing quasi-static parts. The unusual dispersion 

characters of this kind of waves are discussed in the paper. 

6. It calls in question the concept of "coupling of dispersion curves between 

modes" presented in [5] and [6], and an alternative physical explanation on 

the unusual curvature of dispersion curves of some modes. 

The paper is organized as following: Section I is introduction. Dispersion 

equations for both partially and completely plasma filled waveguide are 

discussed and analyzed in section II. The calculations of cut-off frequencies 

are given in section III, and the numerical calculations of dispersion 

equations both for partially and completely plasma filled waveguide are given 

in section V. A new kind of wave that contains quasi-static parts and did not 

appeared in published papers are analyzed in section IV and it shows that 

there are two kinds of waves in plasma filled waveguide. Section VI calls in 

question the concept on "coupling between dispersion curves of modes" and 

an alternative physical explanation for the unusual curvature of dispersion 

curves of some modes was presented. Section VII is the conclusion. The 

derivations of the dispersion equations of the waves containing quasi-static 

parts and the corresponding expressions of field components are given in 

Appendix. 

II. Dispersion Equations 

It has been shown that for plasma filled waveguide in finite magnetic field, 

we have two coupled wave equations for Ez and Hz: 

V^E2 + aE,=bH2 (1) 

V^H,+cHz = dEz (2) 

Decoupling eq. (1) and (2), we get: 

[V< + (a + c)Vi + (ac - bd)]E2 = 0 (3) 

[Vl+(a + c)Vl+(ac-bd)]H,=0 (4) 

Factoring eq. (3), we get: 



(VI+P;)EZ1=O 

(V1+P2
2)EZ2=O 

Where:                        Ez = Ezl + Ez2 

Eigen values p* and p* are given by: 

2       11 
(a + c)±[(a + c)2-4(ac- 

(5) 

(6) 

(7) 

(8) 

or: 

P?,-^ 
2s, 

[Y2(sI+S3) + k2(E1s3 + s2 + s^)]± 

-f{[y2(s3-s1) + k2G 2e  LL.   -,    -,, ■ - ^,s3-s2-S22)] +4k2y2s 

The same equations may be obtained for Hzf3H5]. 

If p- and p; are assumed: 

>    1* 
2s3J 

(9) 

p2*0, p2*0 (10) 

we may find the corresponding solutions (eigen functions), for example, for 

cylindrical waveguide, we have: 

(11) Ez = E* + Ez2 

Then we get: 

where: 

Ezl=AIJm(p1r) 
E,2=A2Jm(p2r) 

Hz=A1h1Jm(p1r) + A2hJm(p2r) 

(12) 

(13) 

(y'+k'eJ^-pL 
hu = 

JCöJioY 

(14) 



The transverse field components may be expressed by means of E2 and Hzt3]. 

The boundary conditions are: 

r = R„: 

E2 = E6=0 

r = R. 

E'=E" 

Ei -E.° 
Hi -H; 

Hi -HJ 

Then, the dispersion equations may be found: 

(15) 

(16) 

^-c1+-^c2+-Vc3 + p-D   '    D2    2    p4   3 

where 

VRJU
2
D

C4
 
+
 D

2C5 
m 

vRPy 
C6 = 0 (17) 

C=Y:pk;[p1Jm(p1Rp)jm(P:Rp)-P:Jn(P:Rp)jm(p1Rp)]-[sDQ + 

+ k:p{eDK:Q[(e3K:-61p:)p:Jm(p:Rp)jro(p1Rp) 
(£.K:-elP-)(e3K

::-e,p;) 

egY:k;- 

-(e3K2-6Ip?)p1Jm(p1Rp)jB,(p:Rp)] + (elK
:-sgk;)F 

[(e3K:-E1p:)pIJm(p1Rp)jin(p2Rp)-(E3K
:-e1pf)p:Jm(p;Rp)j!„(p,Rp)]} 

C2=elPlp2Jm(p1Rp)j
,

1I1(p2Rp)(p2
a-p?)[k4

|(Ya-K2) + eIk
aK4] 

C? = k2el)p
:B1(pa-pf)QFJm(PlRp)jm(p:Rp) 

(18) 

(19) 

(20) 



C4 =£1k
2p(p^ -pr)jm(p1RpjJm(p2Rp)(sgy2F-eDk^Q) + 

71Jm(p1Rp)jm(p2RP)[y2k:e1sg(pf-Pi) + 8gy2kg
2(£lK

2-£gk
2) + 

g 

K2(s3K
2 -£lPf)(£3K2 -slP

2)]-PlJm(PlRp)jm(p2Rp). 
£g 

[y2k;e,si(pa
I-pf) + s,y2k;(81K

2-E1kä)+K2(6sK
2-Slpf)(e3K2-e1pä) 

(21) 

C5=f
2-Jffi(p!Rp)jm(p2Rp)[y2k2E1sgK

2(p2-pf)-e:y2k;(y
2-K2)- 

fcg 

y:kje,£,K' +(kj - K')(£jK
2 -E,pf)(EsK

: -s,p=) + k;(B,K! -£!k;) 

(e5K=-s,pf) + esT^K:(B!K'-e,p;)]-PLj.(p1Rp)j.(P:Rp). 
£g 

(s;K
2 -£lpf)(e?K

2 -E^^ + kjfs.K2 -£gkj)(s,K2 -£lP
2) + 

V2k;K2(e3K
2-slP

2)] 

C6 = elY
2JB(p1Rp)j1I1(p2Rp)(pf-p») 2K2      1      1 

p2=y2+k2eD 

D = K4-kJ 

K2=y2+k2E, 

k;=co2n0e06 =k:e, 

D 

eg=N e2=-JSs 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

and: 



Q = 
Nm(pRc)Jm(pRp)-Jm(pRc)Nm(pRp) 

Jm(pRp)Nm(pRc)-Jm(pRc)Nm(pRJ 

F = 
Nm(pRc)Jm(pRp)-Jm(pRc)Nm(pR) 

(28) 

(29) 
Jm(pRp)Nm(pRc)-Jm(pRe)Nm(pRp) 

Eq. (17) is a general dispersion equation for magnetized plasma waveguide. 

Now, based on this dispersion equation, we can discuss the following special 

cases: 

1.    The    general   dispersion   equation    (17)    shows   that    it   contains 

f     \ m 

V
R

P7 

f     \ m 

vRpy 
and symmetrical (m=0) terms. For m=0, the symmetric mode, 

we can get the following 

dispersion equation: 

1 1 1 •^ + ^c2 + -^c3.=o (30) 
p'D        D* p 

2. When R  = Rc, i. e. the waveguide is fully filled with plasma, the dispersion 

equation (17) reduces to the following equation: 

P|J.(P.Rjj.(PaRe). -p2Jm(p2Rc)Jm(p,R-)- 

K 
yk^-^-(s3K

2-6^) 
ys« 

m ^E,k„2 

R 
i"s 

c; YE. 
(p?-pl)jJp,RjJm(P:Rc) = o 

or 
Actually and more accurately, the dispersion equations should be written as: 

-F(p,,p:,k) = 0 (32) 

Where D is given in [25] and F(p,,p2,k) is the rest part function of the 

dispersion equations (17) or (31). 



Only under the condition D=0, we can get F(pj ,p2 ,k) = 0 as usual. 

F(n  n   k) 
We can prove that the limit lim   VK1,K2?     exists and continues 

It has been shown that no matter eigen values p; and p* are real, 

imaginary or complex, there are waves that can propagate along plasma filled 

waveguide in finite magnetic field, the classification of waves will be 

discussed later. 

It has been shown also that there is a critical frequency!3): 

CO =coh =(o>L+0» (33) 

If this resonance occurs, there is disruption of the wave propagation, this 

means, the dispersion curves for all wave can not go across the critical 

frequency line. 

Since the Bessel function has the property of Jm(x) = J_m(x), and the sign 

of eg depends on the wave propagation direction along or against the 

direction of magnetic field B0 = B0e2. Eq. (17) and (31) show that there is 

some kind of nonreciprocal property for the waves propagating along plasma 

waveguide in finite magnetic field, the problem about the nonreciprocal 

property will be discussed in detail in authors' another paper. 

III. Cut-off frequency 

Let y = o, from eq. (17) we get the following equation for cut-off frequencies: 

k 'n J-(PiRp)      n 
PIUPX)"PQ 

ef + e*   _          Jm(p2Rp)     m. 
— -pF - e,p2 —7 5-T- e 

£o Jm(p2RP)   R 

(P?=(P?1      PI={PD) 

p 

= 0     (34) 

Where at y = 0, we have pc
2 = k2eD, (p2) = k2s3, (p2) = k 

obi    T" b-> 

Ei 

In the case of Rp = Rc, the completely plasma filled case, Q-> oo, F - 0, 

from equation (34), we get: 



kJm(p,Rp) 
J»(p2Rp)      meg — +        8 

= 0 (35) 
.Jm(p2Rp)   RPs.P2 

From eq. (34), we can get three equations for cut-off frequencies of the 

waves: 

k = 0 (36) 

J«(PiRp) 

'Up.Rp) 
-PQ = 0,     pf = (pf) (37) 

Sf  + £2
2      V 

Jm(P2Rp) HI n ■>        /     , \ 

^rpF-£'p'JÄ)-C=0'   p;=(p;l   (38) 

We can get analytical calculation expressions by using eq. (35), (37), (38). 

So   we   can   classify   the   electromagnetic  waves   using   the   cut-off 

frequencies. The waves their cut-off frequency equation is (36) are plasma 

waves. Eq. (37) represents EH waves, the cut-off frequencies of which are 

only the function of Qp and have not any relation with ©.. Equation (38) are 

the cut-off frequency equation of HE waves, which are not only the function of 
co . but also of co • 

P c 

The numerical calculation results of equation (37) are shown in figure 1. It 

gives the relation of cut-off frequency of EH waves with ©    The results of 
p 

equation (38) are shown in figure 2 and figure 3. They give the relations of 

cut-off frequency of HE waves with ©p and ©c. In these figures, (a) is for 

completely plasma filled case (Rp /Rc = 1), and (b) is for partially plasma 

filled case (Rp / Rc = 0.7). In figure 2 and 3, there are two special curves of 

co,  and ©:.   Where  co, =-^ C 1   js the solution  of equation 
2 

K: = -k; (D=0) under the condition of ß = 0. a, = ^(°c+4(°p ^1 is the 



solution of equation K2 = k2  (D=0) under the condition of ß = 0. Curves co, 

and o)2 will be discussed later. 

From the calculation results of cut-off frequency, as shown in Fig.1, Fig. 2, 

and Fig. 3, we have the following important points: 

(1).  For EH  modes:  the cut-off frequencies are all  higher than Qp   in 

completely plasma-filled case, but can be lower than cop in partially plasma- 

filled case. (2). For HE modes: the cut-off frequencies are all higher than co- 

in completely plasma-filled case, but can be lower than o, in partially 

plasma-filled case. Also, with the increasing of coc, more modes are 

condensed up near coh. 

(3). For each mode, no matter EH wave or HE wave, the cut-off frequency is 

increasing with the increasing of cop. But this increasing rate becomes slow 

when oocut >co   in partially plasma-filled case. 

(4).  There  are  more condensed  modes  in  partially  plasma filled case 

compared with completely plasma filled case. Also, for HE modes, there are 

many modes nearly below coh. 

(5). For HE modes, if the cut-off frequencies are below coh, they are called 

cyclotron modes. If the cut-off frequencies are higher than coh, they are called 

waveguide modes. The curve of mode HE0) is usually coincided with the line 

coh. 

IV. Numerical calculations of dispersion equation 

Now, we give the numerical calculations of dispersion equation (17) and 

(31). and make analysis of the calculations. We have found that some 

calculations given in [4] and [5] should be checked and corrected. 

At first, we have calculated the eigen value diagram, as shown in Fig. 4, it 

can be seen that the curve a of p2 =0 is one line going across coh, not two 

lines which was given in Fig. 1 of [5] (We present it as a little figure on Fig. 4 

in this paper). Both analytical and numerical study show that on the line of 

i fi 



öD =co , we also have p2 =0. But the curve a of p2 =0 is the line of 

cö2+cococ-cö2
p 

equation ß  = k  -, r-^- (see section V and Appendix), it is one 
CD(CO +COJ 

continuos line, not two lines as it was shown in [4]-[6], [8] (for example, Fig. 1 

in [5]). 

Fig. 5 shows rather complete dispersion curves. Dashed lines show three 

special critical lines: D=0 and p2 = 0. Here again there is difference between 

our calculations with that given in Fig. 2 of [5]. Mainly, the cut-off frequency of 

HE,, mode is below co,, so the mode dispersion curve will go across the line 

of p2 = 0. We have also found that there is no HE, mode, and the curve for 

HE, mode given in Fig.2 of [5] is actually the line of p2 = 0. 

From Fig. 5, we can see that there are mainly three kind of waves: the first 

is plasma modes their cut-off frequencies are zero. The second is the modes 

their cut-off frequencies are lower than co h, these modes, include EH modes 

and HE modes, are cyclotron wave modes. The dispersion curves of these 

cyclotron waves will    be condensed between coh and Max(coc, a>p). All 

these dispersion curves can not go through coh line. The third is the modes 

their cut-off frequencies are higher than ©h- They are all waveguide modes. 

Fig. 6(a) and 6(b) show some waveguide waves, there is also difference with 

that given in Fig. 3 of [5], the mode HE01 should be below mode EH0,- 

Fig. 7 and Fig. 8 show some waveguide waves the cut-off frequencies of 

which are close to coh. Again there are differences between our calculations 

with that given in Fig. 4(a) and Fig. 5 of [5]. It seems that in [5] Fig. 4(a) the 

curve EH„ was confused with the line of D=0, p2 = 0, and the curve HE, is 

really the dispersion curve of HE,,.Fig. 8 shows that many EH modes are 

cyclotron modes. 

It should be mentioned that in order to easily make comparison,  all 

parameters used in our calculations are the same as that used in [5]. 



One of the important differences between us and [5] which should be noted 

is that in [5] it was presented that there are so called anisotropic waves for 

which one of the eigen value is negative (pf <0 or p2 <0). Our opinion is 

that there is no such kind of mode. The reasons are: 

1. A number of waves their dispersion curves can go through one zone 

(pj >0 or p* >0) to another zone (p* <0 or p* <0), that means one of 

the eigen values (p= or p;) changes sign naturally, it does not cause to 

appear a new kind of waves. 

2. The dispersion curves of anisotropic waves HE, given in [5] is actually 

nothing but the curve of D=0, p2 = 0. It has no mean with "anisotropic waves", 

the waves associates with D=0, p2 = 0, are discussed in section V and 

Appendix. 

For the partially plasma filled case, the dispersion characters are different. 

Fig. 9(a), 9(b) show the dispersion curves of the partially plasma filled case. 

They are the dispersion curves in a partially plasma-filled waveguide with 

Rp 
— = 0.714. The dielectric is vacuum. Compared with the completely plasma 
Rc 

filled case, we can see that for these modes of co^ >coh, the dispersion 

curves have a slower increasing rate of frequency with ßRc, because the 

curves can go across the second line of D=0, p2 =0. So by changing the 

thickness of dielectric the phase velocity of each mode can be changed. Also, 

there are more modes in partially plasma-filled case. In partially plasma filled 

case, there are also a line of p=0, this line will go through the dispersion 

curves of cyclotron modes. As in the condition of D=0, the dispersion 

character of waves in this case is also different. The discussion in this 

condition is just as in the case of D=0, which will be discussed in the follow 

section. 

V. A new kind of wave 



Mathematically, if one of eigen values vanish, for example, p2 = 0, (i. e. 

K2 = ±k2) then the corresponding wave equation becomes Laplace equation: 

The solution is: 

VlEz2=0 

E22=A2r
m 

H22=A2h2r
m 

(39) 

(40) 

(41) 

Physically, this belongs to quasi-static waves. It is obvious that this part of 

waves is closely connected with plasma. 

We obtain, therefore: 

E^A.J.forJ + V- (42) 

H^A.h.jJp^ + A.V"1 (43) 

As Appendix shows, the transverse components of fields present two kinds of 

wave polarization, the left hand polarized wave (LHP) which corresponding to 

K.: = k2 and right hand polarized wave (RHP) which corresponding to 

K: = -k2
e. By using the boundary conditions, we can obtain the dispersion 

equations at R   = Rc: 

For LHP, the dispersion equation is: 

*?    Jm(p.Rj 2K R 
J~.(p,Rc)l -h2Jm(PlR) 

m R. 
2K2R„     2m+ 2 

= 0 

(44) 

For RHP, the dispersion equation is: 

2i?TJ-(PlRj+—ST~ -MJP.RJ 
m R. 

2K2R.     2m+ 2 
= 0 

(45) 

The detailed derivation of eq. (44) and (45) is given in Appendix I. 



modes" 

In [2], [5] and [6], a concept on the "coupling between dispersion curves of 

modes" has been presented to explain the unusual shape curvature of the 

dispersion curves of some modes, as shown in Fig. 3 and Fig. 5 in [5]. In this 

section we deal with the concept. The reason for presenting such concept is 

stated in [5] and [2]: "there exists a value of magnetic field B0 such that the 

cut-off frequency of the lowest waveguide mode (EH01) is less than the 

upper-hybrid  frequency.   The  dispersion  curve  of  EH01   mode   is  then 

incorporated with the family of cyclotron waves and coupled with one of them. 

When the cut-off frequency of waveguide mode (EH01) is less than the cut- 

off frequency of the lowest cyclotron mode HE^, the coupling occurs between 

dispersion curves of these two modes". 

In fact, there is no solid ground to support this concept. Since each mode is 

independent, the dispersion equation, which is valid and independent for 

each mode, is derived by using the smooth wall boundary conditions and the 

field components expressions that are also independent for each mode. 

Therefore, during the entail physical-mathematical process of the problem 

concerning the dispersion characters of the wave propagation along 

magnetized plasma waveguide, except the coupling between TE^, and 

TM^ which causes that the waves are always hybrid, there is no any other 

coupling mechanism at all. It is hard to believe that there exists any coupling 

between dispersion curves of modes. This paper, therefore, calls in question 

this coupling concept. 

The numerical calculations show that the unusual curvature sharp of the 

dispersion curves of some modes really exists. The problem is how to make a 

proper explanation about this phenomena. In this paper, an alternative 

explanation for this phenomena is presented. 

Looking at the figures given in [2]-[5], the Fig. 8 in this paper, for example, it 

is easy to find a fact that all these "couplings" occur in the vicinity of the line 



In addition, there is one more equation: 

Pu = a + c = — [y2(s, + E3) + k^EjE, + s2 + s2)] (46) 

So together with the equations of p2 = 0, the dispersion characters of the 

new waves can be determined. 

The numerical calculation results show the solutions of eq. (44) are some 

spots on the curve of K2 = k2, that is: 

.        .CO2 + G)G>, -co2 

ß2=k2 '       " (47) 
Cö(Cö+CöJ 

where (y = jß), and that for eq. (45) are some spots on the curve.of 

K2=-k2, that is: 

CÜ2-CöCOe-CÖ2 

ß   =k  7 T^ (48) 
Cö(Cü-CöJ 

. Carefully theoretical study and numerical calculations show that we have 

three kinds of curves on dispersion diagram: dispersion curves (eq. (31) or 

(17). for example), dispersion curves (eq. (44), (45)), and D=0 curve. These 

three kinds of curves may go across each other on some common discrete 

points, as shown in Fig. 10. At these points the waves consist of two parts, 

electromagnetic wave parts and quasi-static parts. 

We, therefore, have found a new kind of waves that contain quasi-static 

field components, and there are two kinds of waves: electromagnetic waves, 

for which p2 * 0 , p2 * 0, and waves containing quasi-static parts, for which 

p: = 0 (or p2
t = o). The electromagnetic waves have been well studied, but the 

new kind of waves that contains quasi-static parts is unknown in published 

papers. 

Thus we have found that the wave propagation along waveguide filled with 

plasma in finite magnetic field may have quite unusual dispersion characters. 

VI. The question of "the coupling between dispersion curves of 



Thus, we call in question of "the coupling between dispersion curves of 

mode". We think these curvatures represent their own dispersion characters 

of each mode, coupling does not exist. 

VII. Conclusion 

This paper gives a completely study of the wave propagation along 

waveguide both partially and completely filled with plasma immersed in finite 

magnetic field. The following main contributions have been obtained: 

1. It shows that there exist quite big difference of cut-off frequencies and 

dispersion waves between partially and completely plasma filled cases. 

These differences have been discussed in sections III and IV. It shows, for 

example, that by means of changing the thickness of the dielectric tube, one 

can tun the dispersion curves of the propagating waves in partially plasma 

filled waveguide, and there are more condensed modes of waves near 

co = coh in partially plasma filled case. 

2. It has been found that the calculations given in [5], [6], [8] should be 

checked or corrected. For example,  the curve of p2 = 0 in the eigen values 

diagram shown in [4]-[6], [8] has two lines seems incorrect, it only has one 

line as shown in Fig. 4 in this paper. It shows that the so called anisotropic 

wave HE, presented in [5] seems can not exist, and it also shows that the 

dispersion curves of HE, given in [5] is really nothing but the curve of p2 = 0. 

3. A new kind of waves has been found . These waves contain quasi-static 

field components and are associated with D=0,  p2
2 = 0. The dispersion 

characters are quite unusual: the dispersion characteristics depend on the 

discrete points, rather than curves, which are the common cross points of the 

curves p2
2 = 0, the usual dispersion curves of wave propagation (eq. (31) or 

eq. (17), and the dispersion curves given in section V and Appendix of this 

paper. 

4. The paper calls in question the concept of "coupling of dispersion curves 

between modes" presented in [2] and [5], and presented an alternative 



03 = coh, where coh =((£>] +C0p)2, and are happened among the dispersion 

curves of the modes the cut-off frequencies of which are close or even less 

than co =coh. It reminds us that, at co =G)h, all modes can not propagate, 

there is disruption of wave propagation at co = <Dh for all modes and waves. It 

will be shown that by using this fact, the unusual curvature sharp of the 

dispersion curves of some related modes may be explained successfully. 

As shown in Fig. 3, with the increasing of <ac, more modes are condensed 

up near ©h. Their cut-off frequencies should all be a little bit higher than © 

the dispersion curves of these modes must be unusually curvature in the 

frequency region close to the line of co = coh. Because the dispersion curves 

can not go across the line co = coh and the factor 1 / (co - coj, is involved in 

the dispersion equations through e,, e2, s3 and p-, p;, and becomes very 

large in the vicinity of co = oh, it is obvious that the influence of this factor on 

the dispersion curves is very strong. Therefore, the dispersion curves of 

these modes (the cut-off frequencies are less than co. or close to w ) must 
h h ' 

have unusual curvature. These facts are enough to explain the unusual 

curvature sharp of the dispersion curves of the related modes. 

We have the following points: at first, for the modes their cut-off frequencies 

are a little bit higher than ©h, there are condensed dispersion curves of 

modes near the line eo =coh. Secondly, as a results of these condensed 

dispersion curves, these curves must have unusually curvature. Thirdly, in 

addition to these two points, for those modes, the dispersion curves of which 

can be close to the line of co = o)h, the factor of 1 / (© - coj becomes very 

large in the vicinity of co = co h line, and this factor is involved in the 

dispersion equation, therefore, its influence on the dispersion curves is 

strong. And finally, the lines of D=0 and p=0 in the partially plasma filled case 

also give some influences on the dispersion curves. 
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physical explanation on the unusual sharp of the dispersion curves of some 

modes. 

Thus, the paper provides a good theoretical ground for better understanding 

in physics and further study of the problems of wave propagation along 

waveguide filled with plasma in finite magnetic field, that is very important in a 

variety of areas in science and engineering, such as high power microwave 

generation and microwave excited plasmas. 
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. Equation (A8) is taken into consideration first, which is corresponding to 

LHP waves. When K2 = -kg, the equation (A8) becomes: 

JEr+Ee = J 
2K' 

-y 
(dE, m 
V ör      r 

+ —Ez   +a>nc 

f 

\ Or      r    z (A10) 

From the Maxwell's equations: 

VxE = -jcou-0H (A11) 

So we get: 

oE„     Efl     .m_        .      TT ,.„„, 
-77 + — -J-Er=-jcon0H2 (A12) 
ör      r        r 

The equation for E6 can be derived from (A10) and (A12): 

dE 
r^r1 + (m + l)Ee = - jcou.0rHz + 

jm 

CT 2K2 
(8EZ    m_ ^ 

V er       r 

(A13) 

The equation (A13)"can be transformed into following: 

dr 
(rm+1Ee) = -j(Du0rHz+^r-m  -y 

a 
^(rmEjj + e)u0^(r'"H2) 

(A14) 

The Ee can be solved from (A14), and the field components can be obtained: 

Ee = -jcouc A,h, J«*i(Pir) 
.m+l 

+ A,h 2"2 2m + 2 
+ 5^(-YEI+CöH0HJ 

Er=o)^0 A,h, 
Jm+i(Pir) 

.m+l 

■ +A,h 2"2 2m+ 2 
1   (     dE, 

2KJ 

(A15) 

or or J 

(A16) 

H  = 
;   / 

©Ho 
YEe-fE, (A17) 



Appendix Field distribution under D=0 

According to the definition of a, b, c, d: 

a = (y2+k2s1)63/£I 

b = jco|ii0ye2/£I 

c = Y2+k2(e2+e2)/e1 

d = -jco80y82e3/81 

Under the condition of D=0, where D = K4 - k4, we can get: 

p,=a + c,   p2=0 

(A1) 

(A2) 

(A3) 

(A4) 

"■-! 
h,=i (A5) 

From equations (3)-(7), under p2 = 0, we can get the expressions of Ez and 

Ez=A,Jm(p1r) + A2rm (A6) 

Hz=A1h1Jm(p1r) + A:h:r"' (A7) 

Since D=0, the other field components can not be derived directly from the 

Ez and Hz under the condition of D=0, and a different method is employed to 

get them. 

The E, and Ee satisfy following equations: 

jEr+Ee=—i 
K2-k 

8 L. 

m 

{ dr      r    ' 

\ 
+ cou0 

fdH. 

\ dr 
+ ^H. 

JEr-
Ee=T7^ K2 + k2, 

+ —E, 
dr 

-cou 
J 

^H^_EH  ^ 
I  dr J 

(A8) 

(A9) 

D=0 means K2 = k2 or K2 = -k2. The equation (A8) is employed to derive 

fields for K2 = -k2 and equation (A9) for K2 = k:. 



.— 

(A25) 

Actually the dispersion equations in section II, equations (17), (30) and (31), 

should be written more accurately: 

F(k,r.Bl,s.,sJ)_o 

D 
Where                    D = K4 - k*                                             (A27) 

and  F(k,y,8l3sg;€3) = F(p,,p2,p)   is the  rest parts  of the  dispersion 

equation. The dispersion equation, for example, eq. (31) and eq. (17) are 

valid only when 

D*0 (A28) 

If eq. (A28)is not fulfilled, we get p2 = 0, then we have the case discussed in 

this appendix. It is very important to note that we can prove that when D - 0, 

the limit of all field components are exist and approach to the results given in 

this appendix, and the dispersion equation (A26) reduces to eq. (A24) or 

(A25). 

For p[ = 0, we can get similar results. 



He = - 
ttH0 & J (A18) 

The transverse field components of RHP waves, which corresponding to 

K   = kg, can be obtained in a similar way: 

Ee=-jo)^c A,h,J-(Pir) 

Pi 

.m+l 

+ A2h2 
2m+ 2 

+
 ^(YE,+^0HJ 

Er=-ouc A.h, 
J

m+i(p,r) .m+l 

+ A2h2 
2m+ 2 

1   (  dE, 
2K2 Y~är4"oni° 

(A19) 

J 

H  = 
tt^0 V 

YEe-fEz 

or 

(A20) 

(A21) 

He 
J  fV     dE ^ 

«>w 
yEr + 

ör j 
(A22) 

In completely plasma filled case, the dispersion equation can be derived by 

the boundary condition: 

r=Rc •- Ee r=R„ = 0 (A23) 

So the dispersion equation for LHP wave is: 

m   j fn R )   Jm+.(p.Rc) 
2K'R -Vm(p,Rc) 

m R„ 
2K2R„     2m+ 2 

= 0 

(A24) 

And the dispersion equation for RHP is: 

m 

L2K2Rc 

Jm(piRJ + ^(P&) -Vm(p,Rc) 
m 

+ R, 
2K2R„     2m+ 2 

= 0 
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Fig. 1 Cut-off frequencies of EH waves versus plasma frequency co p 

(a) Completely plasma filled case, 

(b) Partially plasma filled case (Rp/Rc=0.7, e Q=4) 

Fig. 2 Cut-off frequencies of HE waves vs. plasma frequency co p ( GO CRC/C=5) 

(a) Completely plasma filled case, 

(b) Partially plasma filled case (Rp/Rc=0.7, e Q=4) 

Fig. 3 Cut-off frequencies of HE waves vs. cyclotron frequency co c 

((op=1.85x io10s-1, R=i5cm). (a) Completely plasma filled case, 

(b) Partially plasma filled case (Rp/Rc=0.7, e D=4) 

Fig. 4 Areas which determine the signs of eigen values p* and p
2 

Up? >0; H,p2
2 >0; H,p> and p\ are complex; Qp2 <0, p2

2 <0 

Fig. 5 Dispersion curves of the lowest modes of each type in a completely 

plasma filled waveguide for BQ=0. 175T (co c/ GO p=1.86), 

«5=1.85x10108-1,^1.5001. 

Fig. 6 Dispersion curves of symmetrical waveguide modes in a completely 

plasma filled waveguide for co p=1.85 x 1 rj10S-1 _ R=1 5cm: 

(a) coc/top=5.76, (b) coc/cüp=5.86 

Fig. 7 Dispersion curves of waveguide modes in a completely plasma filled 

waveguide for top=1.85x io10s-1, R=l.5cmand coc/cop=4.07. 

Fig. 8 Dispersion curves of the non-symmetrical waveguide modes in a 

completely plasma filled waveguide for oop=1.85 x 1010S-1, R=1.5cm 

and (a) toc=8.8* 1010s-1, (b)  CüC=14.14X 1010S"1. 

Fig. 9 Dispersion curves of symmetrical waveguide modes in a partially 

plasma filled waveguide for cop=1.85x io1°s-1, Rp/Rc=o.7i4, 

e D=1. Rc=2.95cm, and (a) coc/cop=0.75,   (b) ooc/oop=4.14. 

Fig. 10 Three kinds of curves on dispersion diagram (m=0, cocR/c=5, 

copR/c=6). (The solid lines from eq. (31), the dashed lines 

from eq. (45), the dotted line for D=0) 
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9.      Robert J. Barker and Shenggang Liu, "An Examination 
of Plasma Microwave Electronics". 
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An Examination of Plasma Microwave Electronics  *• ^ 

Robert J. Barker .    . 
US Air Force Office of Scientific Research, Arlington, VA, USA £> ^H^* *-    / 

LiuShenggang ^.  P->J.    Ut^ld^/ 
University of Electronic Science & Technology of China 

Chengdu. Sichuan, Peoples' Republic of China 

Abstract - Gas in microwave tubes is an anathema to the traditional microwave vacuum 
electronics (MVE) community. The surge in high power microwave (HPM) R&D that began in the 
late 1970s signaled a departure from that engineering mindset The plasma that poisoned the 
thermionic cathode and destroyed signal purity in MVE devices became a shining hope of HPM 
researchers. Only cathode plasmas could supply the kiloamperes per square centimeter necessary to 
drive the proposed HPM tube concepts. A plasma fill provided an ion background that helped 
neutralize electron-beam space charge, thereby permitting greatly elevated beam currents. 
Unfortunately, the cathode plasma that supplied prodigious numbers of electrons to feed the drive 
beam also expanded to short out anode-cathode gaps. The highly nonuniform cathode plasma 
surface is unable to produce the uniform high-quality e-beam necessary for high efficiency and 
reproducible output performance. This paper discusses these and other blessings and curses that are 
held by plasma for the overall microwave community. A detailed analytical formulation is proposed 
to facilitate studies in this challenging field. 

The microwave tube engineers who are in the business of producing rugged, reliable microwave 
sources take great pains to eliminate every trace of residual gas from their devices. To achieve vacuums 
better than 10(-9) Torr, every internal component is meticulously cleaned. No plastics or liquids are 
allowed inside the vacuum envelope. The entire device is baked for days in order to facilitate the 
rigorous pump-out. Afterward, cathodes are fired repeatedly thousands and even millions of times to 
"condition" them, boiling off impurities and increasing beam quality. 

These precautions are meant to protect the active thermionic cathode surface from being 
poisoned and reducing beam current. They also minimize the presence of ions in the tube that could be 
accelerated to cause impact damage to various components. In addition, they reduce chances for surface 
flashover of contaminants that short out segments of the microwave configuration. It is not surprising 
that gas (and resultant plasma) is the enemy of traditional microwave tube engineers. 

The late 1970s witnessed the birth of a new field of microwave source research that sought 
extremely high power microwave (HPM) devices. Significantly, the overwhelming majority of the 
researchers who flocked to this new field emerged from the plasma physics rather than from the 
electrical engineering community. The reasons for this staffing anomaly are debatable but the 
consequences are clear. HPM researchers view plasma sympathetically, without the gas-abhorrence 
traditional to vacuum electronics. For them, a vacuum of 10(-6) Torr could be quite sufficient 
Furthermore, the basic research required by their new crop of HPM source concepts mandated the ability 
to readily take apart and reassemble their microwave devices in order to continuously make adjustments 
and/or replace components that had succumbed to the omnipresent intense fields and beam. In short, the 
HPM community worked with "gassy" tubes (by the standards of traditional vacuum electronics) right 
from the start. It is only natural that this field gave birth to the Plasma Microwave Electronics (PME) 
area that is the subject of this paper. 

The initial motivation for injecting plasma background fills into microwave tubes was to boost 
beam current. HPM demands high power electron drive beams. Safety considerations limit the allowed 
beam voltage, thus encouraging higher beam currents. Unfortunately, space-charge blow-up restricts the 

*     prcitMtd   oi   Mil Int.  Ce*f.   On   IRMMV.    M****«f > CA. </SA 



11. Conclusion 
It is the tradition that Chinese people always pay much 

attention to education, in particular, the higher education. 
There is an old proverb in China, it says, To plant a tree, it 
takes 10 years, but to plant a person, it requires 100 years. 
Education has been existing in China more than 4000 
years. To further improve the education, my idea is: keep 
our own feature and learn from outside—do our best for 
the international exchange and cooperation. 

I have been working in universities more than 40 years. 
My experience is that the most important goal of university 
is to train students to have some good customs rather than 
to teach them some new knowledge. Having a good 
custom, students can keep up study through their life, 



PLENÄET TH-2 

maximum beam current in vacuum devices    Th?. irmc ;« <. K*„I,_     J   , 

~e«SeÄÄ 
the capabilities of the best thermionic catho'des. S^ÄSE Son^EFV * HT" 
electron-emitting surface plasma was produced by flashove? aTthe £2£ SSfK Id^ " 

More recent studies have found other benefits to be reaped from plasmas in microwave devices 
The background plasma has been shown to provide freauen^ tunabilil to a nucr™ aTsource Bv 
adjusting the plasma density (and/or the axial magnetic field streneth) one could change the ooe^tin^ 
frequency of a given device by 10% or more while leaving the geometrv and e-beam p^teTs n"ed 

[2] Furthermore, the frequency upshifting realizable in such devices could someX Sax S 
engineering costs to produce higher frequency tubes. someunat relax the 

tK *?*?*? f°Und ** f°r CCnain parameter rcSim^ a Plasma AN could reduce or even eliminate 
tiie need for the heavy, expensive axial guide-field magnets. In effect, the plasma not on v neStTd S 
beam-electrons' electrostatic self-repulsion, but also allowed their beam current attractive Sees to 
dominate, resulting in self-pinching of the beam. [3] 

Even more interesting from a scientific standpoint, the plasma backsround could serve as an 
aenve component of the microwave source. The dynamics of e-beam/plasma interactions ^esuTt Z 
plasma waves that participate in the microwave generation process. Given the correct choice of 
parameters these waves could replace traditional metal slow-wave-structures. The richness of new 
instabilities has opened the door to entirelv new device concepts [4] 

fthnv/™"^1 mU?„bK f^ *? r°ne C0Uld ^P1l0&> Torr vacuums in microwave tubes, the fabrication costs would be dramatically reduced. . 

Th. wpCänVenti0nal T"^ Clfm>niCS condemns ^ (plasma) fills for the reasons already stated. 
^rT^cC

n°nTUIUty *f 7ly STa t0 COnCed£ ** even b ** devices' altfaou«b devoid of 
it^hl , "*?!**** r^dmg signal purity, plasma can be an enemy. It is now generallv 
accepted that internal plasmas are the single greatest cause for the "pulse shorten^" phenomenon that 
has always plagued that field. Plasma in the "wrong" places can shon-out critical str^cS compone^ 
and vastiy complicate the problem of microwave extraction from an HPM device. It is clear Lt the 
plasma blessings have come with a price. 

This paper seeks to avoid the emotional prejudices of both the vacuum electronics and HPM 
ST8 3nd t0 ^f11*6 bu

encfhs «* ** «*« of Plasma microwave electronics from a strictly 
technical perspective. A fact that emerges is that both communities continue to benefit from the 
scientific dialogue that has emerged from this debate 

N^S^^NS^ÄÄlr 'S? E" ■"«* **--«»!« * - Chinese 
C-o Hoc, of «he Univemtv of EkeZtesS^.dL^^-1^^2 "L"^ f°f "*,eciaucsü assisan=e of Yan *»*• 2>u Da.un. and 
We also Lucftoteor K^IS^^SDOSÄ^^^8*" f° "*"""T"*""""^ «"'>« »"^»^ with this wott 
A. Advanced Reseat Cd« (^SXSSSSZ So^     ^ ^^ ^ ^ ^" " h°^ to roUa^OT « ^ fa^°« " 
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Liu, "Nonthermal Medical/Biological Treatments Using 
Electromagnetic Fields and Ionized Gases". 



8. Development and Enterprises. 
Some universities have their own R$D centers and 
enterprises. 

9. Budget 
Central Government gives Budget to the universities and 

colleges   affiliated   by   national   minstries   and   local 
governments give budgets to universities and colleges 
affiliated by local governments each year.  It is always far 
from enough. 

10. Reform 
Different reform approaches are carried on in institutions 
of higher learning in order to improve the efficiency and 
to upgrade the academic level. 



NONTHERMAL MEDICAL/BIOLOGICAL TREATMENTS USING 
ELECTROMAGNETIC FIELDS AND IONIZED GASES 

Karl H. Schoenbach (Old Dominion University), Robert J. Barker (U.S. Air Force Office of 
Scientific Research), and Shenggang Liu (University of Electronic Science and Technology of 

China) 
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Abstract 

The application of intense electrical pulses to 
biological cells causes changes in the permeability of the 
cell membranes. This effect, electroporation. is the basis 
of numerous medical, industrial and environmental 
applications. The development of nanosecond and even 
subnanosecond high power pulse generators and pulsed 
microwave sources promises to expand this range of 
nonthermal electric field - cell interactions from the 
cellular to the molecular level, with the potential for novel 
medical treatments. A research field which is mainly 
established in the FSU countries and in China deals with 
the biological effects of microwaves and millimeter waves. 
Extended scientific studies in this field may lead to novel 
therapeutic, health and safety applications. A second 
technological area, which has developed rapidly, is the 
generation of nonthermal, atmospheric pressure plasmas, 
with application in bacterial and chemical 
decontamination. In order to provide a forum for 
exchange of information and ideas the "First International 
Symposium on Nonthermal Medical/Biological 
Treatments Using Electromagnetic Fields and Ionized 
Gases" was held in April of 1999 in Norfolk, VA. The 
paper provides an overview of the state of these emerging 
research and technology fields based on the conference 
presentations, and conclusions and recommendations for 
research and development, developed in discussion 
groups at the symposium. 

INTRODUCTION 

There is generally a negative connotation with the use 
of electricity on biological systems. Electric effects on 
biological cells are often related to electric shocks, 
electric bums, or to electrocution. There is fear that 
exposure to electromagnetic fields may cause cancer, the 
opinion that electromagnetic radiation is kind of a 
pollutant Much of the research on biological/medical 
effects of electricity has therefore concentrated on 
potential hazards of electromagnetic radiation, on a better 
understanding of damage mechanisms and remedies 
against them The positive effects in bioelectrics have 
received much less attention, although there are 
spectacular research results. In the medical field, electric 
fields have been shown to accelerate wound healing, they 
are used for transdermal drug delivery, in gene therapy, 
and even in treatment of cancer. There are indirect effects 
of electric field/cell interactions, which have a positive 

effect on our well being. Pulsed electric fields have been 
shown to be useful in bacterial decontamination, an effect 
used for example to make our food and drinking water 
safer. Electric field techniques promise to be useful in 
bacterial decontamination of air, an important research 
area considering the threat of biological warfare. 

In all these positive effects of electric field-cell 
interaction are nonthermal. that means that heating of cell 
suspensions or tissues can be neglected. The reason is that 
for many of these applications the electric fields are either 
very small or the duration for which the electric field is 
applied is too short to cause heating. The latter is the case 
in the applications listed above. The spectacular results in 
these nonthermal techniques have been achieved with a 
technology which is based to a large extend on pulse 
power technology of the sixties and seventies. More 
recent advances in the generation of ultrashort electrical 
power pulses (pulse power technology), allow us now to 
extend the field of bioelectrics into a range where 
promising new effects of field-cell interaction can be 
expected. By reducing the pulse duration into the 
nanosecond or even shorter regime, the external electric 
fields in the cell become comparable and even exceed the 
internal electric fields, allowing us to affect processes in 
the cell interior without heating the cell. 

The effect of ionized gases on biological cells, in 
physics terminology, "plasmas", was the second topic in 
the symposium. In nature they appear as lightning, in the 
laboratories and manufacturing plants as arcs and sparks. 
These "conventional plasmas" are violently destructive 
when applied to biological cells. Researchers have in the 
past years, however, developed "cold" high pressure 
plasmas, plasmas with gas temperatures close to room 
temperature. When applied to surfaces and gas volumes 
for seconds or minutes, they kill bacteria, and offer a 
chance to be used as sterilizing agents much simpler than 
conventional methods and without harming the 
environment 

In order to provide a forum for the exchange of 
information and ideas in these emerging research and 
technology fields the "First International Symposium on 
Nonthermal Medical/Biological Treatments Using 
electromagnetic Fields and Ionized Gases" has been held 
on April 12 - 14. in Norfolk. VA The symposium was 
sponsored by the U.S. Air Force Office of Scientific 
Research, the National Science Foundation, the IKF.F. 
Nuclear and Plasma Sciences Society. the 
Biolectromagnetics Society. Old Dominion University, 
the College of William and Mary, and the Eastern 
Virginia Medical School. One hundred and thirty five 
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scientists from 12 countries were attending. Eighteen 
Invited Talks were given covering a range from basic 
microbiology to pulse power technology. Approximately 
60 contributed papers were presented in a poster session. 
The last day of the symposium was devoted to discussion 
on the status of the research field and strategies to expand 
it. The meeting was concluded with presentations on 
funding opportunities and application procedures. 
Presenters were P. Dunne for U.S. Army RD&E. R. Ellis 
for USDA. L. Goldberg for NSF. E. Postow for NIH. D. 
Quass for EPRI. and G. Roy for ONR. The session was 
chaired by R. Barker (AFOSR). 

STATUS OF RESEARCH AND 
DEVELOPMENT 

The interaction of electromagnetic fields with 
biological cells lias been a topic of many studies since 
Galvani. at the end of the 18th century", explored the 
muscular contraction of frog legs under the influence of 
electric fields. With the expansion on the amplitude and 
frequency range of electromagnetic fields, which are now 
accessible and controllable by us. the possible dangers 
and opportunities have multiplied. There are several 
professional societies devoted to this topic, the most 
important one being the Bioeiectromagnetics Society. 

Although the topic of the symposium covers only a 
small part of bioelectromagnetic effects and treatments, 
only such that are based on nonthermal processes, there is 
still a large spectrum of research directions in this area. In 
order to introduce the audience, which consisted of 
engineers, physicists, biologists and clinicians, to these 
research areas we had invited prominent scientists to give 
tutorials and reviews on the important research areas in 
nonthermal treatments and on supporting pulse power and 
microwave technology. The sessions began with a historic 
overview and an introduction into fundamental concepts, 
presented by C. Polk. University of Rhode Island! 
Particularly emphasis was given to the definition of 
nonthermal processes at high electric fields, the topic of 
this conference. A classic, nonthermal medical application 
of pulsed electric field effects is the treatment of 
ventricular fibrillation by means of strong electrical 
shocks. A report on the latest research on ventricular 
fibrillation and defibrillation was presented by J. Leon. 
University of Montreal. 

One of the most important nonthermal processes in 
bioelectrics is electroporation. the reversible or 
irreversible clianges in the permeability of cell 
membranes due to the application of high electric fields. 
Basic principles of this effect were discussed by J. 
Weaver. MIT/Harvard, with applications given. The 
speaker concentrated particularly on the use of this effect 
for transdermal drug delivery. This topic was expanded by 
U. Zimmermann. University of Wuerzburg. Germany. 
who_discussed the application of electroporation and 
electrofusion as a means to generate antibodiestgr the" 
treatment  of certain  types  of cancer.   G.  Hqfmann 

Genetronics Inc. carried this topic into ^^n mm 

applied area, the therapeutic IISP nf electrnpnratinn fnr 
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electroporation generated delivery of drugs and gpngc 
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diseases. Following this presematioä W.R. Panjc. Rush- 
Presbyterian-St. Luke's Medical Center. Chicago, 
reported about clinical trials using cleclroporation 
mediated therapy on head and neck cancer, and concluded 
mat this method offers promising possibilities in the 
treatment of these cancers. Whereas controlled 
electroporation. the topic of these review talks has its 
place in therapeutic applications, uncontrolled 
electroporation was found to be the important mechanism 
in electric force injury, rather than thermal (burn) 
mechanisms. Research results on electric tissue injuries 
and consequences for their treatment were discussed by R. 
Lee. University of Chicago. 

Theoretical considerations to the coupling of electric 
fields to cells were presented by K. Foster. University of 
Pennsylvania. His talk was particularly devoted to the 
effect of electrical pulses with high frequency content 
(ultrawideband pulses) on cell membranes and cell nuclei. 
Experimental results with short, high intensity electric 
field pulses on multicellular organisms and cells in \itro 
were presented by K. Schoenbach. Old Dominion 
University. Results of laboratory and field experiments 
with microsecond pulses for biofouling prevention were 
presented, and the potential of electric field interaction 
with cell nuclei for pulses in the submicrosecond range 
was discussed. Another application of high electric fields 
is the so-called Pulsed Electric Field (PEF) method, where 
high electric fields applied to liquid food serves to 
decontaminate the food. A report on the status of this 
rather mature technology, where industrial interest and 
support is in place, was given by P. Dunne. US Armv 
Natick R&D Center. 

Electrical field interaction with DNA. through 
coupling of the field to electron and ion transfer reactions, 
was discussed by M. Blank, Columbia University. He 
based most of the discussions on this effect on the stress 
protein inducing effect of low frequency magnetic fields. 
Many other low intensity, electric and magnetic field 
effects are not as well studied as the effect described by M. 
Blank, however are already widely used in therapeutic 
applications. Millimeter wave therapy e.g. is widely 
considered as therapeutic modality, particularly in the 
former Soviet Union A review on the treatments based on 
low intensity millimeter wave irradiation was given by A. 
Pakhomov. Brooks AFB. Although seemingly effective, 
millimeter wave therapy is not well understood, and the 
research in field suffers from lack of reliable studies. The 
effect of intense pulses of microwave radiation on bacteria, 
spores and mammalian cells was the topic of a 
presentation by J. Kiel AFRL. Brooks AFB. Pulsed 
microwave radiation in the 1.25 to 9.35 GHz range was 
found to affect the growth of bacteria in the presence of 
certain chemicals. Preliminary results suggest that pulsed 



microwave radiation could be directed toward 
pathological targets and organs while sparing normal 
tissue. 

The presentations on electric (and magnetic) field 
effects on biological cells were complemented by two 
tutorial talks on the state of pulse power devices and high 
power microwave and millimeter-wave sources for 
possible applications in medical/biological research. The 
first topic, on pulsed electric power systems, was 
presented by M. Kristiansen, Texas Tech University. He 
concentrated on nanosecond and subnanosecond. pulse 
generators, where research institutes in Russia seem to 
have a leading role in expanding the source parameters to 
ever-shorter pulses and higher power. The status of high 
power microwave and millimeter wave sources and the 
role of pulse power technology in the development of 
high intensity generators were presented by E. 
Schamiloglu. University of New Mexico. Again, as in 
pulse power in general, most of dramatic increases in 
power are relatively recent. Only in the 1970s pulse 
power technology begin to emerge as an independent 
research field. 

Whereas electrical interaction with biological cells 
has a long history, the use of nonthermal plasmas in 
atmospheric pressure air for medical/biological 
applications lias been only recently recognized. An 
introduction into the physics of nonthermal plasmas, and 
the various types of atmospheric pressure plasmas and 
their features was given by E. Kunhardt Stevens Institute 
of Technology. It was followed by a talk by T. C. Montie. 
University of Tennessee, on the application of a special 
type of atmospheric pressure plasma, a radio frequency 
driven glow discharge, for sterilization of surfaces and 
materials. Similar discharges, barrier discharges, have 
also been used for sterilization. The presentation on 
results of this discharge type was given by J. Birmingham, 
MesoSystems Technology. Inc.. For both types of 
plasmas the sterilization rate was reported as faster than 
by heat alone. The session was concluded by a talk of P. 
Netzer. National Naval Medical Center, on the need of 
new sterilization processes in healthcare, and the role of 
plasma methods in such an environment 

Contributed papers were presented in a poster session. 
The 76 accepted poster papers were placed into seven 
categories: 

Basic Phenomena (15 contributions); 
Pulsed Electric Fields (11 contributions): 
Microwaves (5 contributions): 
Ultraviolet Radiation (3 contributions); 
Electron and Ion Beams (7 contributions): 
Ionized Gases (16 contributions), and 
Advanced Pulsed Power and Plasma Generators (19 

contributions). 
The largest research and development area 

represented in the poster session was bacterial 
decontamination, using pulsed electric fields. UV 
radiation, and nonthermal plasmas; the second largest area 
dealt with basic studies and medical applications of 
pulsed electric fields. The relatively large number of 

papers on pulsed field generators, mainly presented by 
scientists from the former Soviet Union, provided the 
audience with a good overview of leading edge pulse 
power systems. 

Abstracts of invited and contributed papers have been 
published in Proceedings of this Symposium. 

CONCLUSIONS AND 
RECOMMENDATIONS 

Following the presentations, the status of research 
and development of nonthermal medical/biological 
treatments was discussed in four discussion sessions. 
Discussions concentrated on the following topics 
1. Pulsed Electric Field Effects: Basic Research and 

Applications 
2. Microwave and Millimeter Waves Interaction with 

Biological Cells 
3. Medical Applications of Pulsed and cw Electric Field 

Technology 
4. Ionized Gases for Biological Decontamination 

The discussion sessions were chaired bv J. Dunn 
(ALP. Chicago), J. Kiel (Brooks AFB)! R Lee 
(University of Chicago), and I. Alexeff (University of 
Tennessee). 

A. Pulsed Electric Field Effects: Basic Research 
and Applications (J. Dunn) 

The effect of pulsed electric fields on biological cells 
depends on pulse duration, pulse shape, and amplitude. 
Three pulse domains were identified, dependent on major 
applications and/or physical mechanisms: 

1. "Traditional Electroporation" : 
Ten's to hundred's of microsecond duration, 
several kV/cm electric fields 

2. "Traditional" Biological Decontamination 
Less than 10 microsecond duration, greater 16 
kV/cm electric fields 

3. "Cell Modifications'" Targets: cell substructures, 
molecules/bonds 
Submicrosecond     (nanosecond,     picosecond) 
duration; time domain is accessible with modem 
pulse   power   technology,   however  field-cell 
interaction mechanisms are not explored 

The mechanism, which leads to cell death through 
electric field application, is not well understood. Although 
it is accepted that in the "traditional debacterialization" 
range poration of the outer membrane, is the ultimate 
mechanism,   the   pore   formation   process   itself   is 
controversial.  An approach which considers cells as 
perturbations in homogeneous fluid was presented by J. 
Dunn. It was hypothesized that electrical double layers at 
the cell  surface cause localized heating of the cell 
membrane,   and   consequent   membrane   breakdown. 
Independent on the breakdown mechanism it was agreed 



that for "traditional biological decontamination", 
particularly in the electric field range of less than 30 
kV/cm. at pulse duration of less than 2.5 microseconds, 
electrochemical effects can be neglected. 

One of the more mature applications of PEF 
technique is bacterial decontamination of food, although 
there is still much room for better engineering of systems. 
Electrical requirements in food treatment depend on the 
type of the food. For low acid food, e.g., with a pH value 
of greater than 4.5. the conditions for the electrical pulses 
are more stringent than for food of high acidity (pH < 
4.5). where spores are absent The dominant problem in 
food preservation using PEF is the high energy 
requirement. 100 - 400 J/ml. Improving this efficiency 
requires either to consider combination processing 
(thermal + PEF) or to search for electric field processes 
which are based on a mechanisms different from 
electroporation. such as subcellular processes or resonant 
molecular processes. 

Collaboration among scientists in engineering 
biology and medicine is a key in successful research and 
development of PEF bacterial decontamination methods. 
This becomes obvious, when the results of pulsed electric 
field experiments on gram-positive and gram-negative 
bacteria, and on spores, are considered. In order to 
develop PEF systems for bacterial decontamination, 
engineers need to communicate more with biologists and 
physicians. 

B. Microwave and Millimeter-Wave Effects (J. 
Kiel) 

Methods using extremely short electromagnetic 
pulses and pulsed microwave are related. One of the main 
differences, which is purely technical, is seen in the 
coupling mechanism: direct coupling through electrodes 
inserted in tissue or suspensions, for high electric field 
pulses, and remote coupling, for microwave and 
millimeter wave interaction. Medical effects of 
microwaves and millimeter waves include post-operative 
septic wound healing, pain relief, treatment of 
hypertension, and promoting the recovery after heart 
attacks. Hypothermia for cancer treatment is another, 
however thermal, application of high power microwaves 
therapy. It reduces the risk for collateral (cardiovascular) 
damage compared to surgery and radiation treatment. 
Other biological effects of major interest are bacterial 
decontamination. 

Strong fundamental research on medical and 
biological treatments exists in Russia and other FSU 
countries, and in China. Particularly, the FSU have 
developed a large spectrum of marketable sources for 
these applications. Custom made high power devices in 
the US range from 200 k$ to one million $. The high cost 
might be one of the -reasons that research and 
development in the USA has more focused on large scale 
environmental (clean up of hazardous material) and 

industrial use (material processing, such as sintering of 
ceramics) by high power micro- and milümeter-wave 
sources. In medical research, however, the emphasis in 
the USA has concentrated more on the potential negative 
effects of micro and millimeter waves. An example is the 
ongoing discussion on the health and safety issues in 
wireless communication. 

Recent developments in millimeter wave technology 
liave provided researchers with new opportunities for 
work in this field. Proper scientific studies have the 
potential of uncovering significant benefits for all 
mankind. Therapeutic, health and safety applications 
appear to be feasible and within our reach. Preliminary 
reports from efforts in China. Russia, and several other 
countries have already produced encouraging results. 
Despite leading in the technological development of 
sources, the US is lagging behind many parts of the world 
in the understanding of the interaction of biological 
systems and microwaves. This lack of understanding is 
resulting in the potential loss of medical therapies (such as 
enhanced septic wound treating) as well as new potential 
health and safety issues for personal working with intense 
electromagnetic fields. 

C. Medical Applications (R. Lee) 

Medical applications in therapy and diagnostics were 
discussed with respect to the coupling modes of electric 
fields with biological systems. 

1. Cellular Coupling is achieved by using relatively 
long pulses (> 1 ms). Applications include: 

Electrochemotherapy or Electroporation Therapy 
Electro-Transdermal Delivery 
Rhythm Disorders (defibrillation) 

Cellular coupling (electroporation) is also related to 
electrical injury. 

Corresponding to long pulses are low-frequency 
electric (and magnetic) fields. 

Applications of low frequency, cw fields are: 
Tissue ablation 
Electrical Injury (therapy) 
Electrical Stimulation 

2. Molecular Coupling is considered to be the 
dominant mechanism when short pulses (10"° to 10"' s) are 
applied. Potential applications of such nonthermal 
methods are treatment of birth defects and cancer, through 
triggering of apoptosis. 

cw treatments, using radiofrequency. microwave and 
optical radiation are thermal methods which have 
applications in: 

Musculoskeletal Heating 
Hypothermia: Treatment of Cancer 
Treatment of Burns 

3    Atomic Coupling occurs for ultrashort pulses 
(e.g. in photolysis), and in the case of ionizing 
radiation, used in cancer therapy. 

Diagnostic applications are cell sensing: 



Tissue damage and tumor detection by means of 
impedance spectroscopy, 
Cancer cell and viral participates by dielectrophoresis, 

and molecular sensing, 
used in tumor detection and localization by means of 
conformal radiofrequency imaging. 

D.       Ionized       Gases      for       Biological 
Decontamination (I. Alexeff) 

The use of ionized gases has been demonstrated as 
being very effective for biological decontamination. A 
major US company has already a commercial product on 
sale. An in-depth analysis of promising decontamination 
technologies sponsored by the U.S. Army's Edgewood 
Chem-Bio Center concluded that plasmas have great 
potential, particularly in the areas of sensitive equipment 
and vehicle/shelter decontamination, but that significant 
development will be required before this potential can be 
realized. 

As major applications for plasma decontamination 
three areas were identified: 
a) bacterial decontamination in bacterial warfare. 
b) sterilization of food, and 
c) sterilization of medical instruments in hospitals. 

The development of appropriate diagnostics for 
nonthermal. high-pressure air plasmas was considered as 
most important As an example, there is still controversy 
on the role of atomic oxygen in the discharge with respect 
to decontamination. Whereas some claim that atomic 
oxygen in the high-pressure glow is extremely effective in 
biological contamination, others state that atomic oxygen 
disappears in microseconds, and so is of no effect 
whatsoever. However, everybody seemed to agree that 
identifying the killing mechanisms for bacteria spores, 
and viruses is of very high priority. It is not yet clear what 
the most active killing species (ions, radicals, active 
molecules, or UV light) is. 

The question of research funding was discussed. 
Research on these nonthermal plasmas is both basic and 
applied: also, since the interdisciplinary nature of the 
research requires teams of scientists, rather than single 
investigators, relatively large grant are needed. Due to the 
new and unique requirements for this area of research, 
there was no clear picture where to obtain funds. It was 
therefore recommended to set up a task force to develop 
funding. 

SUMMARY 

The consensus of the participants was that the 
research field offered exciting possibilities to expand 
available technologies into new areas of research, and 
consequently has a strong potential for breakthrough 
results. The research discussed at the meeting carries the 
promise of commercial and medical applications. It is a 
research field to which the general public can easily relate. 
This was demonstrated by strong newspaper and 
television coverage. It seems also to have the support of 
our legislators. In the introductory address at the 
symposium, the Honorable O. Picket, ranking member in 
the House Subcommittee on military research promised 
his support for increased research spending. Members of 
the Virginia legislature voiced similar support. 

The question of funding was addressed in the final 
session, where representatives of funding agencies talked 
about opportunities and procedures, but it was also 
brought up in any of the discussion sessions. Financial 
research support seems to be sporadic and limited. There 
is no interagency research program, something, which 
would be strongly benefit this interdisciplinary research. 
The lack of support is rather surprising considering the 
importance this research field is given in other countries, 
the spectacular results in clinical applications, and its 
commercial potential. 

To explore the full potential of nonthermal treatments 
using electromagnetic fields and ionized gases, the topic 
of our symposium, the interaction and the cooperation of 
engineers and physicists on one side and biologists and 
clinicians on the other side is needed. The symposium 
seems to have served as a catalyst to stimulate discussions 
between scientists with various backgrounds but the same 
interest It is hoped that these conversations lead to 
collaborations. The response from the participants was 
overwhelmingly positive, and the need for an ongoing 
conference was voiced. The program committee decided 
to hold the "Second International Symposium on 
Nonthermal Medical/Biological Treatments Using 
Electromagnetic Fields and Ionized Gases" again in 
Norfolk. VA, in spring of 2001. with S. Beebe. Eastern 
Virginia Medical School, as chair. A Special Issue of the 
IEEE Transactions on Plasma Science with over forty 
contributions on the topic of the symposium will appear in 
February 2.000. 
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Px and P2 is the propagating power in the vacuum area and in the plasma column, respectively. 
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Substituting eq.(31)-(34) and (16), (17) and (20) into eq.(30), the attenuation constant a can be obtained. 
Therefore, we obtained all formulas that we need for calculating and design the resonant cavity for 

microwave excited excimer laser. 

III. Discussion and analysis 
To simply our formulas obtained in previous section: let D2 = 0, we get from eq.(l 6): 



Theory of Resonant Cavity for Microwave Excited Excimer Laser 
(Draft) 

Abstract: Theory of Resonant cavity for Microwave Excited Excimer Lasers presented in the 
paper. The cavity is a set of Rectangular waveguide with a cylindrical plasma column on the 
center. The formulas of the resonant spectrum, the stored energy, the lose on the wall and due 
to the collision on the plasma and the Q factor of the cavity have been worked out. 
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A most convenient and useful structure of the Microwave plasma Excited excimer laser is a 
Rectangular Waveguide cavity with a cylindrical plasma column in the center, as shown in Fig. 1. 
It seems that there is no theoretical study for this kind of resonant cavity appeared in the published papers. 
It makes inconvenient for study and design this kind of Excimer Laser. Based on the paper of "Theory of 
microwave rectangular waveguide for microwave plasma excited excimer laser", the theory of this kind of 
cavity have been worked out. The formulas of the resonant spectrum, the stored energy, the loses on the 
cavity wall and in the plasma column due to the collision have been obtained. These formulas provide the 
basic theory for computer calculations and the basis of the understanding and the design of this kind of 
microwave plasma excited excimer laser. 

The paper is organized as follow: section I is the introduction. Theory of the cavity is given in section 
II. Discussion and analysis are given in section III. Section IV deals with computer calculations (to be 
carried on), and section V is the conclusion. 

IL  Theory of Resonant Cavity of a Rectangular waveguide with a Cylindrical Plasma Column in the 
Center of the Waveguide 
Based on the theory given in the paper "Theory of waveguide system for microwave plasma excited 

excimer laser" making use of the boundary conditions: 
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for TM mode. 

Inside the plasma column: 
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encourage themselves constantly and gain new knowledge 
by themselves, while any new knowledge may out of date 
sooner or later, as science and technology are developing 
so rapidly. 

To conclude my talk, I would say that education is a 
lifelong issue. 
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The TE modes can be studied by using the same approach. 

Thus, the resonance frequency can be found by: 
sink.L = 0 (11) 
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where k. should be found by using the dispersion equation given in eq. (21) (or in eq.(l), in complement) 
of the paper [1]. 

Now we can calculate the stored energy. 
WT=WV+Wp (13) 

where Wv and W'   is the stored energy in the vacuum space and in the plasma column, respectively. 
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where 

The loss also consists of two parts: the loss on the cavity wall and the loss in the plasma column. The loss 
on the wall can be obtained by: 

PL=^-§H,\ds (19) 
2 

and the loss in the plasma column due to the collision can be found by: 
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In eq.(17) and (20), we are use: 
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A most convenient and useful structure of the Microwave plasma Excited excimer laser is a 
Rectangular Waveguide cavity with a cylindrical plasma column in the center, as shown in Fig.l. 
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cavity wall and in the plasma column due to the collision have been obtained. These formulas provide the 
basic theory for computer calculations and the basis of the understanding and the design of this kind of 
microwave plasma excited excimer laser. 

The paper is organized as follow: section I is the introduction. Theory of the cavity is given in section 
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IL Theory of Resonant Cavity of a Rectangular waveguide with a Cylindrical Plasma Column in the 
Center of the Waveguide 
Based on the theory given in the paper "Theory of waveguide system for microwave plasma excited 

excimer laser" making use of the boundary conditions: 
2 = 0, z = L 

£,=£=0;       £r=0 (1) 
The field components outside and inside of the plasma can be obtained: outside the plasma, we have: 

E:=2—1( )  +(—) ]sin( x)sin(—;>)cos(*.z) 
£a     a b a b 

f-jkmn        mn  .  . ,nn   ....    . 
x =-2—-( )cos( x)sin(—v)sin(ifc.z) 

s0     a a b 

c       ~jk    nn   .   mn .nn   .  .  ..   . 
£v =-2—-(—-)sin( x)cos(— .y)sin(*.z) 

e 0     b a b 

Ht = j7ia>(—-)sin( x)cos(—,y)cos(*.z) 
b a b 

u .mn\       mn  .  . ,nn   .      ..    x H = -jno>{ )cos( x)sin(—v)cos(it.z) 
a a b 

H: =0 
for TM mode. 

Inside the plasma column: 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 



K=^4*.2[(—)2
+S

2]^(—)4+k^r +*2 
£Q    2        a b 2    a        2   b 

( ) (—)2} = -e0abLE2
0 

ab 8 

(35) 

.2        .2        ,™Zs2   ,   ,nXs2 

where we has been made for. 

k2-k>=(—y+(^-y 06) 
a b 

£0=1. 
It is the formula for vacuum rectangular cavity. We can also get the other formulas for vacuum case. 

IV. Computer calculations: (to be carried on) 

V. Conclusion 
Based on the theory given in paper[l], all formulas for calculating the parameters and design of the 

resonant cavity of a rectangular waveguide cavity with a cylindrical plasma column for the microwave 
plasma excited excimer laser have been obtained in the paper. These formulations are very valuable and 
useful. 

It is a draft, all formulas should be checked carefully, and will be done later. 
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'" (i+<?2) '      '" (iT^1) (22) 

^=4; * = ^ (23) 
CO CO 

copi, and vcß is the plasma frequency and the effective collision frequency, respectively. 

Then, we can calculate the Q factor of the cavity: 

W 
Q = a>o-^ (24) 

PT^PL+PCO, (25) 
Actually, knowing PT, we can also calculate the 

• Si -2 n2  °o r r2. 

£0 (&,   + £, ) *■ 

PPl\{Z'**l D2 Wi iP,*0 ) + J2X (PP*0 )] 

(26) 

Then, we can calculate the £ factor of the cavity: 

Ö = ö>oT- (27) 

W = WV+W (28) 

PL=P?+PC
P (29) 

we can also calculate the attenuation constant of the wave propagation: e-"*"•'*----'= _ 

IP 
(30) 

(31) 

where P is the propagating power: P = Px + />2. 

and 

A^W^^^ (32) 

P, and Pj is the propagating power in the vacuum area and in the plasma column, respectively. 
-2„  „_ ,.   „ /=    D   \2 

2   e0       a b        £pex     
2      2 (33) 

i / _    p   \2 

P« =;V~r      V     D*V?lP,Xo)-Jo<J>,Xo)J2U>pXo)] (34) 

Substituting eq.(31)-(34) and (16), (17) and (20) into eq.(30), the attenuation constant a can be obtained. 
Therefore, we obtained all formulas that we need for calculating and design the resonant cavity for 

microwave excited excimer laser. 

III. Discussion and analysis 
To simply our formulas obtained in previous section: let D2 = 0, we get from eq.(16): 
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Theoretical Study on Micro-Hollow Cathode Discharge 
(First Draft) 

1 .Introduction 
The Micro-Hollow Cathode Discharge(MHCD) is one of the most attractive topics in 
science and technology for a long time because of its interesting characteristics and good 
practical/potential applications. However, although the experimental study has been 
carried on very well, the theoretical study, both the analytical as well as the computer 
simulation, seems far from enough[l]-[ 4 ], for the physical processes happened in 
MHCD is very complicated. Based on the results obtained by experimentsf 1 ]-[3 ],the 
paper attempts to give a theoretical analysis of MHCD, and on this basis a modeling for 
computer calculation is presented as well. 

2. Modeling 
The following facts are essential for the theoretical modeling: 

l.The glow discharge occurs mainly in the region between the hollow cathode 
surface and the virtual anode which is actually the axis of the structure. The discharge 
forms a radial glow; 

2.The cathode fall is formed in the vicinity of the cathode surface of about few 
microns; 

3.The thermionic emission of cathode is of significant, since the temperature of 
cathode is high due to the ion bombardment; 

4.The Negative Glow Discharge follows the cathode fall and lasts to the axis, the 
virtual anode. So the negative glow occupies almost the entire space of the cathode 
region; 

5.most of the potential drop happens in the cathode fall, a good potential well 
forms between the cathode fall and the axis ,the virtual anode, that enable a large number 
of electrons oscillating in the potential well, these electrons are known as the pendular 
electrons; 

6There are varieties of different kinds of ionization to support the discharge. 
The pendular electron that exist in the cathode region play very important role. The large 
number of such electrons oscillating between the edges of opposite cathode fall may 
make ionization many times on their path; 

7. Besides the ionization, strong excitation happens in the cathode region due to 
the collisions of electrons with atoms/molecules. This excitation produces radiation and 
makes the cathode region bright; 

8.A cylindrical positive column forms in the axis area from anode to one of the 
cathode surface opening to the anode area. It is a cylindrical positive glow discharge 
followed by a anode fall to the anode as usual case. By means of the Ambipolar Diffusion 
process, a large number of electrons come into this area from cathode region through the 
opening cathode surface. That is the connection of the two regions. 
The above facts are assumed as the basis of the theory presented in the paper. 
According to the above facts, a modeling is proposed as it is shown in Fig. 1. 

il 



ifme cXl S-1',thf WC C3n divide ^ Wh0le ^^ »to two regions Regionl is the cathode region, a radial negative glow discharge occurs with intensive exciS, 
radiation, while region2 is the anode region, a cylindrical pori^^&S^« 
place from cathode hole surface opening to the area to ti/anode. £fo« S 
üieorencal analysis of the MHCD may be splited into two parts: the meoryfi?L reeioT1 
land that for region 2. By using a proper Matching Condition oiftSe^tween the 
two reglons, we are able to work out a complete theory for the entire iScD 

-v: 

&*$*!&>? 

PIS C^rf»*H^ 

1 QfypCJr 

fa\tl<. 

Fig.l 

. . 3. Theory for Regionl 
^l5^^ ab°Ve ** ^ negative glow ^charge occurs in the region Since the 
bo& sdes of the region are open, and there is electric field in the z-directifn charged 
particles flow throng mese open sides hole is the main loss of particl«Tk fi 
The recombination of charged particles on the cathode surface can be ZteZ Sit is 
shown in Fig.2 Fig.2(a) is the geometry of the MHCD, and Fig.2(b ^s thepotent 

A- ^^SgSSzfa *"region before - «* *e disch^e takes 

Were ^ is a constant, I#( y)and I((x) i, the modified Bessel function of zero and first 

At the axis the potential is: 

<Ju=- ~o) ■= (Z) 

f^f^fn ^ PlaCC;t0 ^ ^ P0tendal ^^bution is rather complicated 
PoLson F^ion   ^ * " ^ ** ^ *""<*«* «^ ** - «ave the 

7 o; 



In order to simplify the solution, we assume that the ion space-charge is uniform, the we 
can find: 

<?=  ^TT- JBCK<0 tU. I C9-J 
Where 

We can also get the electric field: 

By using the above equations we obtain the cathode fall potential drop: 

Where A is the thickness of the cathode fall. 
Now we can calculate the electric potential in the negative glow region that is followed 
the cathode fall. Since in the negative glow the space-charge is negative, we get- 

B. The Motion of the pendular electrons. 
Now we can study the motion of the pendular electrons in the cathode region. It can be 

seen from Fig. 2( b) that a good potential well ,ay keep the pendular electrons oscillate 
with the region. Since electrons are able to collide with other particles many times on 
their oscillating path, and each time they loss energy and get energy again from the 
electric field, the minimum time for electrons to complete a round trip can be found as: 

T      - r —  \ p^ 

Where vis the speed of the electrons gained from the cathode fall: 

C.Charged Particles' Balance. 
It is assumed that the following equation can be used to calculate the balance of the 

charged particles in the negative glow discharge^ 1 ]-[ 4 ]: 

Xvl^t  t^nt f 4 >vw-o raj 



Whereas the Ambipolar diffusion coefficient.    And'k is the one sten anH t™ « 
lonization rate due to the collision of electrons with neutral«, fc*eeriof T°*   P 

integration of Eq.ojover the whole region, we obtain: ^ * Takmg 

Here >^is the electron density. Let 

Equation( I J) can be written as: 

Where A£ is the total number of electrons in the region 
Equation (/r) is the main equation describe the particles' balance in the cathode region. 

C. Intensity and Spectrum of the Radiation 
tEJT£ deal.Witi!the radiation excited ^ electrons in the cathode region. We assume 
L con*6 "Ti     *1S 0nly °ne *"*« °f gaS «* ** radiation » =££ exc tSr ?::tz£t*ons with atoms- ^ *■generation *«*- -»A 
J^C C0UiSv!0nS °5eIectrons "** ■»«»« may excite atoms at ground state up to i 
state, the number is.^ „^where Kjs the density of the atoms; P    J 

2 . The collisions of electrons with atoms at lower state k to state j . the number is« .« * 

JLwoT   aUlSÜC COlluSi0nS °f at°mS at ^ state 1 *>d other particleTr^in^^^ 
foUow^nVn   rStatej*thenUmbCTiS: «J  -So^^te time, umte volume we nfvT followmg number of atoms at j state:        4 ^ >, H   +«     H uuicwcnave 

DurmgÄe same period of time and the same vohU we f*ave &loss of ihe atoms at 

1). Spontaneous radiation from j state to the ground state, the number is: A „. 

hijL"^^ *«*« »*» '*■* "«" a^" 
thS^ 

4). The collisions of atoms at j state with other particles of other species result the 
change of their state, the number is:   ^ M, n ^ 
Therefore, the total balance of the atoms at j state gives: 



Where j  is the current of the cathode thermionic emission, and 

It is obvious that when D=0, G=0 and i ° 4),  we have 

i -ice (<+*,.; CV 
By using the potential function we can calculate the ion density in the cathode fall 

region. 

4. Theory of MHCD 
Before move on to the theory of MHCD, we first deal with the physical processes 
happened in region n, the positive column region, the anode region. We assume that 
from the open hole of the cathode, the surface S„ to the anode there is the positive glow 
discharge and followed by the anode fell Then by using a proper matching condition on 
the boarder of the region I and region H, we are able to work out the theory of the entire 
MHCD. y 

Assume that Eq.(/i) can be used also for the region n, the positive glow discharge 
occurs in the anode region._ Similar to that in section 3, we get: 

Where:   F« = ^ {CJ';Jcp.) *      "** lis'% 
And j£   is the electron density in this region: 

N is the total number of electrons m region II:       " 

t>1, 

The physical meaning of Eq.(ifr) is that the particles loss in the anode region is 
compensated by the flux flowing from the cathode region through the surface S into the 
region EL ' 
Equations (tr) and (it) are two important equations describing the physical processes 
and the particles balance in MHCD. 
The matching condition on the boarder between the two regions is: 

Solving equation (ß"), equation (2f) and equation (JJ), we will be able to get the 
information of the MHCD. 

5. Modeling for Computer Calculation 



- For a low pressure and pure gas filling case, we can assume that: 
.     ,,     rs . !*!*+.*&- Ajo H; Ihr*».     M        *• ) 

And the I is negligible. Then we get: * '   A'   rf ( /} 

2r =r4*'V'^ s^^e^. "?' 

Eq.( i J) means that only the collisions of the atoms of one specie and electrons are 

eqTalfon        Z      "*"*» * *" radiati°n ^ be "d * *e ^-Tng 

Here the h is the1 Plank constant^, is the radiation frequency.  Since ^should be- 

t(S) is the distribution function of electrons, <r. is the differential cross-section of 
collision, i is the energy of electrons and l; is the energy required for excitme atoms to 
j state from ground state. A^ume that * l') is MaxwelHan distribution Son ° 

iSS  ^the Boltzmfn.constant- Although the equilibrium state may not be 
realistic. Thus we can obtain the following equation: ,  . f,     _ £ 

Where jJs the value that makes <r*. maximum, and 

D. The Current Density of MHC. 
The: total current of MHC consists of four parts: the cathode emission due to the ion 

bombardment; the cathode current due to the bombardment of photons from the caftode 
dark region; the camode current due to the bombardment of photons from Se negative 

rl^ n?t ther^omc emssion is mother special features of Micro^Hollow 
Cathode Discharge. Then we have: 

^SSi& and Jct l°n "?"? denSity "* electron CUITent density * "thode surface respective y. ^ and n   „ the number of photons generated in cathode dark and 

ZT£Tfi   ^
arS%r?0n' [esPectively'Ae ™*Sy of the photons should be larger 

than me work function ofthe cathode, f.,   and f.   is the percentage of the related 
photons that bombard the cathode surface. He t and / is the second ^ s on 
coefficient ofion and photon.  Then we get:        * f "no emission 



A. According to the theory and formulations given above, we can work out the 
•     modeling for computer calculation of the MHCD. The working equations are , 
And the Matching condition is: «J-CJ/J onang equations are C/>^ Uf. 
The cathode current density can be used as an initial condtion- 

•     *   r i-P'V; \ 
J  z^\ I   7-P-«    J   + J*t (2rv 

The following parameters are known-T 

—^^^rr*of6W ***** «-**» 

B The spectrum and the intensity of the radiation in both regionl and region D mav be 
calculated by usrng equation^,) and equation (,,), provided theparamefer^ven 

6. Discussion and Conclusion 

The most interesting and important features of MHCD are: 1. The negative elow 
discharge^dominates the cathode region; 2. The pendular electrons thft exisUn the      ' 

^ITT^l^ mp0rtant rolC' "* 3- ^ lhennionic emission of cathode is 
£2S ZT?*]Üie

t!
empei!tUre °f Cath°de iS ^ enou^ ^ to ion bombardmen 

M^cnl^k0Utathe0i?:thatcanreflect the above essential facts, we spht the 
MHCD into two regions  The worlang equation for each region has been formulated 

T^'T^ C°n^h0n °n *" b0ardCr betWeen ^ *» "*«* is presented 
Solving the two worlang equations with the boundary condition and the cathode current 
density as the initial condition, we can get the information of the discharge  The 

SrZ I'000 °f *' SpeCtmm "* ***** 0f the radiation «both regions have also given in the paper. s   tt 
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1. Introduction 
2. Institutions of Higher Learning 

a. Category 
Comprehensive University 
University of Science and Technology 
Normal University 
Medical University 
Agriculture University 
TV University and others 

Affiliation 
Central government affiliation 
Local Government Affiliation 
Private (very few) 
TV universities 

c. Key University 
Among 1060 universities, there are about 60 are 
National Key Universities. 

d. 211 National Project 
In order to meet the needs in the next century, Chinese 

government decided to pay more attention to some national 
key universities (about 100). UESTC has been included in 
the project. 



Higher Education in P.R.China 

Prof. Liu Shenggang 

(University of Electronic Science and 
Technology of China) 

Academician, Chinese Academy of Sciences 

Distinguished visiting professor of ODU and CWM 

E-mail: liusg@uestc.edu.cn 

Abstract 

The historical and recent situations of the 

Higher Education in P.R.China are reported in 

the talk, it consists of the following 10 sections. 
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4. Students 
a. Admittance, Entrance Examinations, 

National wide entrance examination 
Time 
Courses to be taken 
Percent to be admitted 
Similar entrance examinations for graduate students 
of both doctor and master degree admission 

b. Tuition Fee 
About 2,000.00 to 3,500.00 Yuan per year for under- 
graduate students 

Some stipends are given to graduate students monthly. 
c. Scholarships 

A number of different scholarships are available for 
outstanding students, some of them are for students 
from poor families. 

d. Awards 
A number of awards are for outstanding students, the 
competition is very strong. 

e. Students' association 
Students have their own organization: 
• University association 
• Department association 
• Class Sub division 

f. Foreign students 



3.Faculty and Stuff Members 
a. Faculty Members 

It is required that the standard ratio of the number of 
teachers to that of students is 1:11. 
The rank system of faculty member is professor, 
associate professor, lecturer and assistant professor. 

b. Stuff Members 
It is required that the total number of stuffs should be 
less than that of the faculty members. 

c. Colleges, Departments and Specialties. 
Each one of faculty members should work in a 
college or a department. 

d. Foreign teachers 
Some universities invite foreign experts and teachers 
to give courses for short or long terms. 



7. Research Activities 
a. Funding Resources: 

National Science Foundation 
Foundation from different ministries and from local 
governments 

•   enterprises 
b. Research Institutes 

Research institutes exist in some key universities. 
c. National Labs 

Some National Labs are established in some key 
universities. 

d. Research Centers 
e. Publications 

Some good universities may have their own Journals. 
Faculty members and students can publish their papers in 
these journals. 



Some universities in China may admit foreign 
students both for undergraduate and graduate students. 

.  In general, free accommodation is provided for foreign 
students. 

t^iorz        rL~       eljryQ        (^^«^        *-t 

5. Degree Systems 
a. Doctors: doctor for Science, Engineering and 

Humanity Science, respectively. 
b. Masters: the same as that for doctors 
c. Bachelor 
d. Associate. 

6. Teaching, 
a. Credit System, it is really a mixed one. 

Semester (two per year) and credit system. 
b. Regular and optional courses, about 10-20 

percent of total courses are optional by students. 
c. Laboratory works: Regular and free works in 

labs. 
d. Out Class and Social Activities: quite a lot of 

interesting out class and social activities are 
organized for students. 



encourage themselves constantly and gain new knowledge 
by themselves, while any new knowledge may out of date 
sooner or later, as science and technology are developing 
so rapidly. 

To conclude my talk, I would say that education is a 
lifelong issue. 
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Electromagnetic Wave Field Excited by a Single Moving 
Charged particle in Plasma* 

Liu Shenggang "      R.J.Barker»* 

Abstract-The electromagnetic wave field excited by a single moving charged particle in 
plasma is stud.ed. It shows that there is no Cherenkov radiation wave but decay wave in 
plasma, both free plasma and magnetized plasma. Besides, the deflect coefficient for the 

wave, (n   = e3 = 1 - -f-) is the same for both free plasma and magnetized plasma. The 

main important conclusion shows that the plasma, both free plasma and weakly 
magnetized plasma can never be considered as a slow wave media. From the point view of 
physical concept, this conclusion is of significance for the plasma Cherenkov maser. 

I. Introduction 
The electromagnetic wave field excited by a single moving panicle was studied 

long ago. It was discovered that in a dense media, (e>l), we have the Cherenkov radiation 
wave. This kind of radiation now becomes more interesting because of the applications 
especially m coherent electromagnetic wave generation, such as Cherenkov maser and 
Cherenkov FEL. Recently, plasma microwave Cherenkov maser is one of most attractive 
figures in this field. To study the electromagnetic wave field excited by a single moving 
charged part.cle in plasma, therefore, is a basic research both from the point of view of 
physics and practice. 

This paper is organized as follows: Section I is introduction. In section IL the 
formulation of the electromagnetic wave field excited by a single charged particle in 
plasma is studied. A detailed discussion is given in section III. Section IV is conclusion. 

II. Formulation of the electromagnetic field excited by a single moving 
charged particle in plasma 

The electromagnetic field excited by a single moving charged particle in plasma is 
studied in this section. For an infinite plasma with an external magnetic field B = B0er in 
+z direction, if the electromagnetic wave is propagating in +z direction with propagation 
factor e'-*, we can treat it by using a cold fluid model, then the electric permittivity 
tensor of this magnetized plasma may be written as: 

~s,    -e2    0" 

e,     e,      0 (1) 

0      0     e, 

e = e0 

Where: 
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is the electron plasma frequency, a> .—5-B, is the electron cyclotron 
V      c   0/ m 

frequency and i is the sign of imaginary number. The collision effect is neglected 
The Maxwell's equations can be written as: 

Po ä (5) 

VxH = e0f(e-.E) + J (6) 

and the Poisson's equation is: 
V-(e-E) = p/s0 (7) 

p and J are the space charge density and current density of particle, respectively 
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e2 =e2 +P2 

Let: '      '      2 (9) 

Eq (8) becomes: 
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Assuming a single charged particle (electron, for example) is moving in the plasma 
w.th an uniform straightforward velocity u, then we have- P 

P = e—^8(z-ut) (12) 

Ji = eu^5(z-ut) (13) 



o(z' - ut) = z-.H-ut 

Where 8(x) is the Dirac Delta function. 
Making use of the expansion expressions of the Delta function, we gef 

Substituting equations (15) and (16) into eq. (11) and solving this wave equation 
get the field expression of E* as follow: 

(14) 

(15) 

(16) 

we can 

E  =- le    r+" 

2izer o   dk"i 
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VM7 
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Where k^kj^-. 

Making use of the following formulas: 

Jo  -£ir^Tkidki=-jN0(ar) 

We then obtain: 

E 
^ r,(l-ß2V^7)    ^ (i..u,)   k      r     r 2   , 

l-4s0Jo        V^7      e |^il'.[|k«l(»aßa-l)   r] + 

W.[|k//|(n'ß'-l)wr]}kl/dk// 

Where n2 = er. And we can also obtain E, and He in terms of E^ 

(18) 

(19) 

(20) 

III. Discussion 
1. For uniformly isotropic media, we have: n"2 = s. If e>l, the dense medium, eq. 

(20) shows the existence of the Cherenkov radiation. 

2.  For free plasma,  (B0=0),  we have:   n'2 = e, = l-^-£ 1,  then 
OD2 

we have 

n^-l = 1 \ Y -1 < 0, Eq. (20) becomes: 

^^r^e*"(-'-"lj^H»[|anV^rr]Mk„       pi, 



Eq. (21) shows that there is no Cherenkov radiation 

gen* ^Iä^ST *■(,,x (I7)-(2o) Md (2,>sh™ -« - 
=■■^r^^-,^H?[|k„K.v-,)-r]k„dk„ (22) 

We only can have decay wave, there is no Cherenkov radiation. 

IV. Conclusion 

"   -ei-|-^w=k™»,<l,mi,n,<0,wl,a„p>» 

is no ChÄS^ ^ b°'h *" ""» ^ "-* «*»*- *—. *« 

P~ve i^m X£%X£^Z%SZ~~ "~ - 
plasma ffli^ " ^ ^"^ *** " U "ec^ '° ■"» ««-«* load, besides the 
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Theory of Waveguide System for Microwave Plasma Excited Excimer Laser 

Abstract: Theory of wave propagation along a rectangular waveguide filled with an annular 
plasma column in the center is presented in the paper. This waveguide system might be a good 
candidate for microwave plasma excited excimer laser. 

I.     Introduction 
Microwave plasma excited excimer lasers may form a new area of Microwave Plasma Electronics. 

There are a lot of advantages when the microwave plasma is used for excitation of the excimer lasers.'1"'1 

Variety of waveguide systems have been tested to excite excimer laser, cylindrical and elliptical 
waveguides, for example. The rectangular waveguide may another or even better choice, for rectangular 
waveguide is a commonly used one, it is very convenient to be coupled or connected with the whole 
waveguide system and with the input/output. The efficiency and the costs of the excimer laser by means of 
rectangular waveguide, therefore, should be better than the others. 

However, theoretical analysis that may be helpful and useful for the design and better understanding 
of the rectangular waveguide microwave plasma excimer laser did not appear in published papers. It is on 
purpose to work out a theory for the rectangular waveguide system for microwave plasma excited excimer 
laser, as shown in Fig.l. A dielectric tube filled with plasma is in the center of a rectangular waveguide. RO, 
Rl is the inner and outer radius of the tube, respectively. s0, £D and ep is the dielectric constant of the 

vacuum, dielectric and plasma, respectively. If there is axial magnetic field, e should be a tensor: s  . 

An analytical theory of the waveguide system shown in Fig.l has been worked out. The dispersion 
equation, the field components in the interaction (excitation) region, (0 < R < R0) are calculated. The 
theory can be used in the design of the excimer laser. The paper is organized as follows: section 1 is 
introduction, section 2, and section 3 deel with the theory of the waveguide without axial magnetic field 
(B0 = 0). in section 4 ,the theory with the axial magnetic field taken into consideration is given. The 
numerical calculation is given in section 5, and the section 6 is conclusion. 

IL   Theory of Rectangular waveguide system for microwave plasma excitation of excimer laser 
(without magnetic field) 
Theoretical study of the rectangular waveguide system shown in Figl is presented in this section. At 

moment we assume that there is as magnetic field B0 = 0 then in the plasma, as well as that in vacuum 
region, the TE made and TM mode are independent. 

In the vacuum region of the waveguide, i.e. the region outside the dielectric tube, we have: 
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for TM modes. 
In the dielectric tube region, including the plasma region, the field components should be expressed in 

cylindrical coordinate system (r,0,z). Then, within the dielectric tube wall, we have: (R0 < r < /J,) 

Er =-J—[AJe{pr)+A2Nt{pr)]s\nl(p 

Ey=-Jap[AiJ,'(pr)+A2Ne(pr)]cosl<p 

£,=0 

H, =^-p[AlJt{pr)+A2Nt{pr)]cosl<p 
Mo 
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2 
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for TE modes, and 
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for TM modes. Where 

In the plasma region, (0 < R < R0), we have: 

Ep=-j(appD,J,(ppr) 

E.=E=0 

p>=(k>eD-k:
2) 

Hr=^PpD^(pP
r) 

Mo 

Hz = 
Mo 

■DxJ,[ppr) 

H=0 
for TE mode, and 

E=- A- 
^0^0 

p 
u7 — 

£0£Q 
D2J,(ppr) 

for TM modes, where: 

H9=-jappD7j;{ppr) 

E,=Hz=Hr=0 

( 2' 

1 *r 
01 

111 

(5) 

(6) 

(7) 

(8) 

(9) 

The boundary conditions are as follows: 

r = Rx: E:'=E:"; H<p'=H9" 

r = RQ: E:"=E:'"; H<p"=H9 

For excimer laser application, we only need to study the TM modes, similar approach can be used for 
TE modes. The by using e.q. (2).(4) and e.q. (7), we get: 

(10a) 

(10b) 

7t 
LU'J 

+ UaJJ sin(A: COS <p)sin(K' sin q>) = ?— [5, J0 (j>Rt ) + B0N0 (pR{)] (11) 

nx} 

and 

— sin(£cos0>)cos(AT sin0>)cosp+   \cos(Kcos<p)sin[K smq>)sm<p 

«/»[Vo'W+^G*.)] 
p\BxJ't (pR0 ) + B2N0 (pR0)] = ppD2J0 (PpR0) 

2 2 

^-lB,J0{pRoh^oipR0)] = — D2J0(ppRQ) 

After straightforward mathematics manipulations, we obtain the dispersion equation: 
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The field within the plasma can also be found: 

(17) 
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Substituting of eq. (16)-(18) into (7), we obtain the most important field component: E. in the pi 
region: 

Ey'BtP 2 £0 

Jo(pRo)+^rN0(pR0) 

Jo(ppr) 
-A. (Mo) 

if we neglect the influence of the dielectric wall of the tube, the dispersion equation reduced to: 

where: 

asma 

(19) 

(20) 

(21) 

It can be seen that since the Bessel function Jt{x) is a converging function, so it may just take few terms 
for m, n, and s. Note, that JTand K' also are dependent on m and n, respectively. 

II.   Theory of magnetized plasma filling 

Now we can study the case where an axial magnetic field B0 exists. In the magnetized plasma filling 

case, the dielectric constant ep becomes a tensor:'' 

where: 
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(Op is the plasma frequency, COce is the cyclotron frequency, yeff is the effective collision frequency. 

In this case, the TE and TM mode are always coupled to give hybrid modes. Therefore, we have: 

E. = VoG'i'O+'VoGv) (25) 
H. = 4 Vo(/>ir)+ A2h2J0{p2r) (26) 

where /?, p2 are two eigen values: 
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Al, A2 are constants 
In eq.(25), (26), we also limit our study on symmetrical case, it is the desired mode for excimer laser. 

By using E. and H. we can find all field components: 
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By using the boundary conditions: 
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We can find: 
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Then, the most important field components E. is: 

E.=n- 
( ~r .i\ m~    n ^^M-W^^^M^ 

The existence of axial magnetic field may be helpful for ionization. 

TV.   Numerical calculation (to be carried on) 

V.    Conclusion 
Rectangular waveguide might be a good candidate for microwave plasma excited excimer lasers. A 

theoretical study on a rectangular waveguide filled with an annular plasma column in the center has been 
worked out for both unmagnetized and magnetized plasma filling. The dispersion equations and .field 
components, in particular the E. at the plasma region where excimer laser excitation occurs, have been 
obtained. The theory may be of significance for understanding and design of a rectangular waveguide 
plasma excimer laser, and the basis of future theoretical study of the Microwave gas discharge processes in 
the tube located in the outer of the waveguide. 
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A proposal of a new construction of 
Rectangular waveguide Microwave plasms Excited Excimer Laser 

1. 

2. 
3. 

Work plan (proposal) 
Theoretical and experimental study on Excitation (input) of Microwave power aimed to microwave 
the efficiency; (for original mode and proposed mode) 
Theory of Microwave Discharge. 
Theory of laser excitation. 


